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VARIABILITY OF MATURAL BACKGROUNC RADIATION

The average annual exposure of sersans in the United States to racdiation f=am
natyral background sources is often said to be “aoocut 100 millirem” whole-docy
dose equivalent. Thougn it is usually pointad out that actual exposures differ
from one region of the country ts another, and that the 100 srem value is an
estimate of a population-weignies average, many referencas include little to
indicate the extent of the variations actually encountared. As a result, there
is some room for the imcression that this nominal 100 srem is a sort of natural
constant -- much like that of ncrmai cody temperature (37°C) == and that any
appreciable departure adova this norm is associated with seriously undesiratie
consaguences. In the present discussion it is intended, first, to dascride the
generally familiar range of natural background (particularly as experiencad in
the U.S.), ang then to oring to attention some of the sore fine-grainea aspects
of its variability. These naturally-occurring variations warrant consideration
in assessing the significance of incremental periurdations of the radiation
levels to which people may De exposaed.

I. Natural Background

This consists of three major components: (i) Cosmic Rays, (ii) External
Terrestrial, and (ifi) Intarnal. These are described separatsly.

(i) Cosmic Rays

In the Tower atmosphers (altitudes less than a few km) the radiation from this
source is mostly provided by suons and high energy (very penstrating)
electrons. There are other particles in the flux, including neutrsns. The
number of neutrons (at low altitudes) is small compared to the number of auons
and electrons, but because of their large gquality factor (Q) or relative
biological effectivenass (RBE), which == at least in UNSCEAR-1982 -~ has Deen
taken %o be 10 for neutrons as compared with unity for sucns or electrons, the
neutrons contridbuta aopreciadbly (about 10X) to the dose equivalent in tissue,
even at sea level. This contribution increasas with altitude, and at 3 ka
(9,850 ft) the neutron component contributas about 25X of the total biological
dose. (More recantly, the NCRP has decided that the values of Q for neutrons
might 1ie between 5 and 20. The total level of the cosaic radiation (in rems)
say, then, finally be ratad somewhat differently than in some of the values
used below.®)

At high altitudes (altitudes greatsr than about 10 km, which are accassible
only ta high=flying aircraft or space vehicles) there {s a strong dependencs of
the cosaic ray flux (or dose) on the geomagnetic latitude == the flux deing
many times larger at the magnetic pole than at the equator. However, on the
innadbitad portions of the earth's surfaca (altitudes less than -5 km) the
variation with geomagnetic latitude is much saaller; and for the continental
U.S. (essentfally all lying between 40° and 60° N geomagnetic latitude) the
variation with latitude is only a percent or so. This will be ignored in the
sequel.

*See Appended Note Concerning Radiation Units, (p. 26).
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At any particular location on theviurfa;g of Ne sontinental U.S.. the cosmic
radiation may be cnns1dgrod as uniform in tme.  Though ;nert are tempora!
variations associated thp the ll-year sun-spot cycle. with solar.flqr.s. ang
with changes in atmospheric pressu. ¢ and Eemqerature, these ara sither of
limited extent (near the gurface as :.S. ‘3titudes) or are of short zuration.
They may consequently De incorporaten in some average value, and il mot pe

further considered.

The significant variation in cosmic ~av expasure s the variation with
altituge. This results from the g:*fe=ence :n thickness of the atmospheric
planket. On this account the tissue 2:se enuivalent from cosmic rays at
altituges of 1, 2, or 3 km apove sea 'ave’ are larger than the exposure at sea
leve! by factors of about 1.35, 2.2, and 4.0. respectively. The average cosmic
ray dose rate out-of-doors at sea ‘evel i3 29 mrea/vr.  Since pecple spend a
consideradble fraction of thei™ time indocrs, and since structures provide at
least some shielding, it has Seen estimatec that for the .U.S. the average
exposure received Dy the pooulation is asout 10% smaller than the exposure
out-of-doors. The average exposure ~a%e at sea level has thus Deen taken to De
26 mresa/yr. Taking into account the gistribution in altitude of the U.S.
population, the average dose squivalent rate from cosmic rays has been
estimated to be 28 mrem/yr. This is tne numoer included in the assessment that
the average annual exposyre in the U.S. is aocut 100 mrem/yr,

More than 80X of the U.S. population lives at altitudes less than 0.3 ka
(-1,000 ft), and for these the cosmic ray dose rate is within a mrem/yr, or so,
of the countrywide average. About 10 million Tive at altitudes > 1 km, where
the cosmic ray dose rate (out-of-doors) exceeds 40 arem/yr. More than five
million live at altitudes > 1.3 km for whom the COSMiC ray Z:se rate exceeds

45 arem/yr. Cities included in this group are: Salt Laka Zity, Albuquerque,
Renc, Colorado Springs, and Denver. (For Denver, altituda 1.6 km, population
1.5 million, the cosmic ray dose rate is 50 mrem/yr). More than 100,000 live
in cities == such as Durango, Gallup, Flagstaff, and Santa Fe -~ at altitudes
> 2 km, for whom the out-of-doors cosmic ray dose exceeds 60 mrem/yr. There are
sany small settlements in the Rockies (e.g., Silverton, Colarads, 2.8 km) at
altitudes of about 3 km. In particular, for Leadville, Colorado (altitude 3.1
ke) and neardy Climax (altitude 3.4 im), in or near which a total of adout
10,000 persons reside, the cosmic ray dose rats woyld be 120-150 mrem/yr
(out-of-doors). '

In this same general connection, outside the U.S. there are a number of cities
with large populations at quite high altitudes. These are at lower geomagnetic
latitudes than apply in the U.S. As a rough allowance, in designating cosaic
ray dose rates for these cities, the dosss from the detailed dose-altitude

curve drawn for the U.S. have been reduced by the same fraction as .the sea-level
doses for the relevant geomagnetic latitude. The particular dose-altitude curve
used is that presented in NCRP-4S (1975). These high-altitude citias includs:
Johannesburg, alt. 1.8 km, population ~2 million, dose rats ~60 mrem/yr; Mexica
City, alt. 2.5 «m, population ~18 sillion, dosa rate ~80 arem/yr; Bogota, alt.
2.5 ka, population ~4 million, dose rate ~85 mrem/yr; and Quito, ait. 2.85 im,
population ~.75 million, dose rate ~100 mres/yr. Thers s also La Paz and the
Altiplano region of Bolivia.



In the Altiplanc the altitude ranges frem 3.5 to 4 ka, and apout 75% of
Belivia's total population of & million live in this region. [n addition ts La
Paz at 3.6 km, population (La Paz Department -- that is, the city, plus the
surrgunding acainistrative area) 1.9 million, there is the city of Qrure at

1.7 km, Lake Titicaca ang ii: surrounding setilements at 1.8 ka, ana the city
of Potosi at 3.9 km, popuiation (Potosi Dedartmen:t) ~0.8 million. Thus, in the
Altiplanc region tnere are 4 million, or so, peopie for whom the cosmic ray
dose rate is in the range 130 to 200 mrem/yr.

(ii) External Terrestrial

At any location on ths ea=%h's surfice persons are exposed %o some flux of
raaiation (mastly pnotons) f-om the decay of radiocactive elements contained in
the scil and rocks. The main primsrgial scurces are X-40, Th-232, ang Y-238:
thougn, in the case of Th ang U, the major part of the raciation encountared is
proviged by the radicactive caugnhiars in their decay shains. The radiation
flux at any location will vary cecending on whether the 30il is wet or ary,
covered with snmow or not, subiected to changing barometric pressure, and so
forth; but these fluctuations will average out over the year. The significant -
variation is that applying from place to place due to aifferencas in the local
abundance of the primordial elements. Most of the radiation to which pecple
are exposed is transmitted directly into the air from the near-surfacs rocks
and soil as they reside in place. Almost all the radiation reaching the
atmosphere originates in the topmost 25 or 30 centiseters of the soil.

On 2 mass basis the elemants potassium, therium, and uranium in the saterials
of the earth's crust are, respectively, something like two parcent, and 12 and
4 parts per aillion. The numdDer of atoms per gram of potassium (atomic mass
~40) s six times larger than that of thoriuam or uranium (atomic mass ~240).
The isotopic abundance of K-40 (the only radicactive isotope of potassium) is
1.2 x 1074, The atomic ratios of K-40, Th=232, and U-238 in the sarth's crust
ars, conssquently, about as 4:3:1. With half-lives of 1.26 x 10%, 1.4 x 1019,
and 4.5 x 10% years, the number of disintagrations per unit time of K-40,
Th=232, ang U=238 are about in the ratio of 15:1:1. In ninety parcent of the
disintegrations of K-40 a B-particle (maxisum energy ~1.31 MeV) is emitted, and
almost all of these are absorbed in the s0il close to the sourcs. However, in
the resaining 10% a y=ray (energy 1.46 MeV) is emitted, and some of these will
penetrate to the itmosphers. From the above it can be seen that in matarial
having the average composition of the earth's crust there are about 1.5
y-ray-emitting disintagrations of K-40 per disintagration of Th=232 or U=238 -~
which are essentially equal. Th=232 and U-238 ars the parent nuclei of decay
saries with tan or a dozen daughters having relatively short half-lives.
Assuming 3 state of radicactive ecuilibrium (which doesn't always aoply) each
of the -daughters in the series will disintegrata at the same rita as the parent
nucleus. These series disintagrations release about 40 or S50 MeV of eneryy,
but all byt about 2 MeV of this energy is carried by a and § particles and
depositad in the immediata vicinity of the source. About 30X of the energy
carried by y=rays is in low energy quanta (less than 1 Mev) which are strongly
attenuatad in the sofl. In the thorium series thers is a 2.6 MeV y-ray emitted
about 36X of the time, but in the uranium series thers are no y-rays with such
a high energy. Thus, thorium contributas more than uranium to the tarrestrial
background radiation. The average concentrations of these elesents in near-
surface 30i1 is somewhat lower than in the earth’'s crust; bdut in UNSCEAR-77 it
is estimated that the world average radfation level at one seter above the
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surface is about 40 mrag/yr: 15 from potassium, 15 from thorium, and 10 from
uranium. As already suggested the actual background radiation rate from one
Tocation to another say vary consideradly from this averige depending on the
composition of the 30il or rocks neardy.

On the basis of extensive surveys the U.5. has been divided into three
gistinguishadie regions with respect to terrestrial radiation backgrounds.
These are: (i) The Atlantic ang Gulf Coastal Plains Area -- a coastal delt of
from one to a few hunared miles in wigth extending south and west from Long
Island to Texas, including between 15 and 20X of the U.S. population, and
within which tne terrestrial radiation is said C provige an absorted dose rate
in outdoor air of bDetween 15 and 35 mrad/yr, with a population~weignted average
taken to be 23 mrad/yr; ang (ii) Middle America, or The Noncoastal Plain Area,
the region extenging north and west from tne Coastal Plains Area to the Pacific
coast (except for a relativeiy small island around Denver ana the Colorade
Plateau). In this region, wnich includes about 80X of the U.S. population, the
natura) terrestrial background exposure rates range from 35 to 75 mrad, with
the average taken to be 46 mrad/yr; and (iii), the Denver, Colorado Area,
including some part of the East Front of the Rockies and the Colorado Plateau,
in which the terrestrial exposure ranges froa 75 to 140, and for which the
average is taken to be 30 mrad/yr.

Much of the support for this regional breakdown is provided by the ARMS suyrvey.
ARMS refers to the Aerial Radiological Measurements Surveys of the
radioactivity in the vicinity of government-sponsored nuclear facilities,
conducted for the AEC between 1958 and 1963. Areas about 100 miles on a side
around each of 25 locations were surveyed on a one-sile grid to sap the
terrestrial radiation background. About 30X of the population of the U.S. was
comprised within these areas.

A range of radiation rates was observed in each area. For some of the
locations, half or more of the area was nated as having rates more than

215 mrad/yr from the mean for the area. For each area, the mean rate was takan
to be applicable to the population of that area. For those portions of the
country not coversd by ARMS, the regional average exposures noted above were
used to determine a population-weighted average of ~40 arad/yr for the outdoor
absorted dose rats in air for the U.S.

This terrestrial radiation is sainly composed of y=rays with an energy of one
to two Me¥. This radiation is attenuated by the matsrials in structures, and,
since people spend more than two-thirds of their time indoors, and even though
there may be some extarnal dose from the building matarials themselves, a face
tor of 0.8 has been applied to the outdoor dose in estimating the actual aver-
age exposure people recsive. 1n addition, because of the shielding provided to
the vital organs (gonads, bone marrow, etc.) by the outer tissues of the body,
a further factor of 0.8 has been used in converting the terrestrial dose in air
to the equivalent biological whole=body dose rats. With these factors, the
population-weighted countrywide average dose equivalent from terrestrial
radiation to persons in the U.S. has been taken to be 26 srea/yr. This is the
numdber used in the assessment that the background radiation dose in the U.S. {s
~100 srea/yr.

Surveys of background tarrestrial radfation levels have alsc been made in other
countries. Because of differences in instrumentation and procedures, not all
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of these survey results are directly comparable, ind not all nave been carried
through to-the point of develooing a populaticn-weighted average. Froa having
smaller areas the surveys of scme of the countries are geegrapnically more
compliete than present U.S. surveys; and, 1n addition, at least some have been
conducted more systematically. Notwithstanding these cifferences, some of the
values listed in UNSCIAR-82 chewing the results oY the surveys of qoout fifteen
csuntries are indicated dDelow. “he values gquoted are for absorped dose in out-
door air in mrag/yr, wnicn may oe Comoared witn e U.S. average of 40, alreagy
notec. Tne lowest average values (32-31) are for Canada, Jenmarx, Poland; the
nignest (70-80) for France, fcmanta, Switzerland, East Germany (GCR). In most
cases ranges are given. The nigrast of thne high range values are: Norway,
950; Italy, 435; West Germany (F34), 313; France, 250; GDR, 235, For pottom of
the range values, severai we=e less than 10, including: Japan, Italy, FRG,
France, Austria. Not to De cheated out of having something special about it,
the bottom of the range for [raland is listed as zerd ~- which could, of
course, actually appiy to & peat Scg.

In a few cases, posulation-weigntea indoor to outdeer ratios are listed. wWith
the exception of the GOR wnich 1isis 0.8 (the same value assumed for the U.S.),
these ratios are all larger tnan unity <= ranging from 1.65 for Austria to 1.08
for Canada. (The values for Canada are not from UNSCEAR, but from the report
of an extensive Canadian survey completed in 1984.) At least on the Dasis of
the data shown in UNSCEAR-1382, the U.S. value for indoor-outdoor ratio would
appear to be one of the least well supporied, being based on results from only
about 270 awellings as compared with the Norway value of 1.12 (2000 dwellings),
or the FRG value of 1.36 (30,000 dwellings). Indeed, the value for this factor
for the U.S. may well deserve further consideration. (In its forthcoming
report, NCRP proposes to change this factor fros 0.8 %0 1.0.)

From this welter of data, aleng with data concerning the worldwide distribution
of the primordial elements, UNSCEAR-82 concluded that, for external terrestrial
background, a reasonatle value for the global average of the adbsorded dose rate
in outdeor air would be about 44 arad/yr, and that a value of 1.2 would de a
suitable global average for the indoor-outdoor ratie.

The total environmental exposure to external radiation consists of the sua of
the cosmic ray and the terrestrial components. For the Continental U.S., as
already indicated, the population-weighted average of this sum is 28 + 26 = 54
mrea/yr. In a survey conductad in 1971 by the Lawrencs Livermore Laboratory at
107 weather stations throughout the U.S. (but not including any locations at
altituces higner than that of Flagstaff, Arizona ~7000 ft), the range in this
quantity was from a low of about 35 mrem/yr ta 3 high of adbout 150 area/yr.

The lTow values aoplied in southern Florida, where the Cosmic component was
ssall (sea level, less than 40° N. geomagnetic latitude), and the terrestrial
component was aiso very low. The high values applied at Colorado Springs,
Colorado (alt. =6150 rt) which has fairly high components, both cosaic and
terrestrial; and 8ishop, California (alt. ~4150 ft) with a moderats cosamic
cosponent, but very high terrestrial. Flagstaff, Arizona, with the highest
cosmic component of the locations included in this survey, had a rather low
terrestria) component, and a tota) exposure %o external radiation of enly about
90 arem/yr. In Hawaii (near sea level, and only 20° N geomagnetic latitude)
the cosmic companent was saaller than in Florida and the tarrestrial components
were also very low; so that extsrnal radfation provided about 30 mares/yr for
the locations monitored. [n the reports examined, NO Beasurements were given
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of the tarrestrial comoonent of external radiation for the high=lying
settlements in Colorado (>7000 ft altitude). There is, however, a genera)
tendency for the extarnal terrestrial radiation at such locations to be high --
in part, no doubt, becCause of the presence of rock near the surface, or of the
exposure of bare rock. It therefore seems likely that among these settlements,
which already have a cosmic ray exposure in excess of 100 mrea/yr, there will
be some for which the tota] environmenta! exposure is >200 mrea/yr.

(iii) Internal

The exposures from internal sources of radiation may conveniently ba considered
in three classes: (a) that from normal constituents of the body (principally
potassium); (b) that from radionuclides lodged in the body (uranium, etc.); and
(¢) exposures from inhaled radionuclides (ragon and its daughters).

(a) The concentrations of the normal constituents of the bDody (such as H, C, or
K) are maintained at fairly constant levels by the body's state of physio=~
logical equilibrium. They are consequently largely independent of such factors
as diet or geographical location. [n the absence of temporary san-sade pertur-
baticns == sych as tritium releases, nuclear explosions, and so forth == the
isotopic composition of such elements in the body will be the same as that in
the biosphere.

Cosmic rays provide a steady source of a large variety of radionuclides --
mostly produced at high altitudes. These mix with the lower atmosphere and
other components of the biosphere and the deep ocsan reservoir, and have
established and saintained for a very long time a stable concantration in the
various parts of the environment. The concentration of any particular
cosmogenic radionuclide in any particular component of the environment depends
strcnq;y or)l the half-l1ife of the nuclide (along with other factors, such as
solubility).

In the biosphers (the lower atmosphers, surface watsrs, plant 1ife, etc.), the
four most abundant cosmogenic radionuclides are C-14, Na-22, Be=7, and W=3.
Except for Be, these elements ars essential constituents of the body. The
total internal dose delivered by thess radionuclidas is about 1 arema/yr, and is
almost all provided by C-14; being, in particular: (-14, ~1; Na-22, ~0.02; and
H=3, 0.001 srem/yr. (Though not a body constituent, Be-7 may be ingested or
inhaled, and is estimated to provids an internal dose of about 0.008 srea/yr.)
Tg&totn dose from all other cosmogenic nuclides is thought to be less than

. area/yr.

Potassium is an essential congstituent of the body, with an abundance of about
2 grams per kilogram of total body weight. Strictly speaking, the 2 gm level
applies only to young males (age ~20) and falls essentially linearly with time
over the next 60 years to about 1.6 r In females, after age 20, the
potassium concentrstion at all ages is only about 75 to 80X of that in males -~
in part, possibly, becauss of the differenca in proportion of adipose tissue in
which the potassium concentration is relatively low (only about 0.5 gm/kg).
There is an appreciable variation in potassium concentration from one organ of
the body to another (~4 ga/kg in red marrow, 2 in testes, 0.5 in bone) and a
corresponding variation in doses to the different organs. However, for an
assumed average concentration of 2 ga/kg body weight, the whole-body dose
equivalent has been estimated to be ~18 srema/yr.



Essentially all the B8-particles from the decay of K-40 will be absorped in the
Dody; but more than half of the y's will escape. Because of this, each person
carries a smalT radiation fiela around with him. This, no doubt, is the basis
for tne jocular comment that there is some hazard (from radiation) in sharing a
goudle ded. The hazarg, of caurse, is not very great, being on the arcer of
only a tentn of 3 mrem/yr in Jed. Mcwever, since a neardy Dody woulg screen
adout 10% of zhe solic angle from the normal external terrestrial ragiation of
~30 mrem/yr, it mignt Cetler Se s3ia that shdring a doudle Ded has a favoranle

effect.

After K-4J the most prominent nonseries primordial radionuclide is RB-37. This
nuclice emits only B=particles (maximum energy 0.27 MeV) so it is significant
(if at all) only as a scurce of intarnal dose. Considering the factors of ele-
mental abundance in the eartns crust, isotopic fractions, half-lives, ang energy
per disintegration, the gose from Rb-87 would de about fxfteon times smaller
than that from K-40 -- provided the c3ncantration in the body relative %o that
in the earth's crust should be the same. From measuresents of rubidium in the
body it has been concluded (UNSCEAR-77) that the dose rate from Rb-87 is about
0.4 arem/yr. This is about forty times smaller than that from K-4Q.

In adgition to X-40 ang Rb-87, there are about twenty other nonsaries primordial
radionuclices in the material of the earth's crust. Considering their elementa)
abundances, isctopic fractions, et., their rates of energy release per gram of
ttrrtstr111 material range from a fcw percent down to many orders of sagnitude
smaller than that from Rb-87. The contribution of these %o intarnal dose may
consequently be ignaored.

In summary, the dose rate fros radicactive constituents of the body (K-40
C-14, H=3, etc.), is from 18 to 20 lrt-/yr

Finally, in this discussion of natural backgrounds, it is not intended to
discuss the effects of the tasting of nuclear explosives except as these may
have affected items in the natural background. The immediate effect of nuclear
tasting (from the mid-1950s to 1963) was to release in the atacsphers large
gquantities of radicactive fission fragments (such as S~~90 and Cs-137) which
were Not otherwise present in the environment. Thosc =.11 decay (or have
decayed) to inconspicuous levels providing the present ban on testing in the
ataosphare continues. As to the isotopes alrsady considered in connection with
natural background, the effects ware as follows: for RD-87 == even though thie
is a direct fission product =~ the amount added was such less than one porcnnt
of the natural abundance of this nucleus in the upper millisater of the earth's
crust. Eight of the other primordial radicisotopes are also direct fission
fragments. For these, 2130, the contribution from tasting was a very small
fraction of the abdundance of these isotopas in the topmos: layer of the earth's
crust. K-40 1s not a fission product, so there was no effect on that.

C-14 is not a fissfon fragment, but it is formed by the capture of neutrons in
the nitrogen 6f the atmcsphers. MN-3 (tritium) is also not a fission fragmant,
but is a residue of the burning of thermonuciear fuel. The inventory of C-14
in the biosphers was approximatsly doudled as a conseguence of weapons' tasting.
The previcusly ascribed one srem/yr from this source could have been raised to

something between 1.5 and 2 srea/yr. This incremental effect will decrease much

sore rapidly than it would merely as a result of the radicactive decay of C-14
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(half-1ife about $,700 years) because of the process of equilibration with the
contents of the deep ocean reservoir. This process is believed to proceed with
a mean life of about 7 years, or so. The present (1986) level of C-14 in the
piosphere is about 20X larger than the “natural” level of C-14.

1* nas been estimated that the giopal inventory of tritium (H=3) was increased
by a factor of between several hundred ana a thousand by the nuclear expiosions
conducted in the atmosphere prior to 1963, With a nalf-life of 12.3 years, the
amount of injected tritium will by now have been reduced Dy a factor like §;
put, it still completely masks the effect of "natural” tritium, and wil)
continue t0 ¢aminate for the next hunared years or so. Even at that, of

course, it is a rather small term in the tota) exposure to natural radiation.

(5) Apart from the radioactivity associated with essential constituents of the

body, there is some internal dose resulting from the ingestion of “fareign"

ragionuclides in the environment. The amount of these is not homeostatically ”
controlled, but depends on their concentration in materials (air, water, and

food) taken into the body. .The items of particular concern here are the

parental thorium and uranium ang some of their daughters, such as radium.

Their gasecus daugnter, radon, will be discussed separataly latar.

Though the amgunt of these elements taken up in the body was onca, no doudt,
rather gdirectly related to the concentration of these elements in the local
environment, that is no longer so much the case. It is still trus that some of
the underground water in lowa and [11inois, as well as at other locations in
the country, has an unusually high radium content; but an increasing fraction
of such water is now treated before it reaches a consumer. More significantly,
with the greatly increased use of canned and packaged foods (which may be
procassed anywhere in the country) and the countrywide distribution systes for
produce of all sorts, the U.5. food supply has become homogenized to a very
large extent. Consequently, in discussing the uptake by ingestion of the
series radionuclides it seems appropriate to use the average values estimated
for the U.S. Quite apart from the (relatively) straightforward mattar of
assessing the average uptake of uranium and thorium (and daughters), the satter
of correlating this with a whole=body equivalent dose requires composing a
number of radically aifferent effects: the ingested radionuclides spend some
time in the stomach, some time in the dDloodstream, and some end up deapositad in
the gonads and on the bone surfaces. The amount of thorium ingestad is
probably about the same as that of uranium; but the retentiom of thorium in the
body is very such smaller. As a consequence, most (80 or 9(X) of the intarnal
dose from the series radionuclides is provided by uranium and {ts daughters.

'\

In the following discussion the estimates compiled in the 1975 report, NCRP-4S,
wil)l be presentad; but at the end of this section on intarnal exposurs some
comparison will be mede between these estimates and the newer (1986-87)
estimates being considered by the NCRP. From NCRP-45, then, the ingestion of
the primordial series radionuclides results in a whole-body equivalent dose
rate of about 7 mres/yr. Uncertainties and differences which could reasdily
affect this estimate would not greatly affect the estimate of the total dese
from internal sources since this is dominated by the dose from K-40, which s
about twice as large as that fros uranfium. Thus, with the exception of the
dose resulting from inhaled radon (and daughters), the doses equivalent rate
from intarnal sources is about 26 mrem/yr == ~20 froms K-40, and 7, or so, from
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uranium, etc. This is the numoer assumed in the assessment that the average
dose to persons in the U.S. is apout 100 mrem/yr.

(¢) The main aaditional sou=<e of internal radiation is that resulting from the
innalation of ragon and its snorz-lived daugnters. Radon aspears at nearly the
same rate 1n DOth the uranium and thorium decay series, and is the only gaseous
element in these series. [n the yranium series, the isotope Rn=222 is an

al, a-emitter with a half-1ifa of 3.8 cays. This allows time for an

apc ciable fraction of the racdon formed near the surface to migrate into the
auncsonere and to be carrtisa acout Dy the wind. [n contrast, the isotope
Rn=220, which appears in the thorium series, has a half-life of only 85 sec, so
that 1% does not succeea in migrating from the soil Lo an extant which warrants
consideration in comparison wiih the 3.8-day Rn=222.

Radon is an inert monatomic gas -- one of the "noble” gases, which engage in
few, if any, chemical reactions. Once released to the atmosphere these atoms
move freely about and the products of their decay appear as single atoms and
attach themselves either to some molecule in the air or to an aerosol particle
and thus remain suspended in the air for a considerable time. Radon decays by
a-emission; and if this occurs while the radon atom is still suspeanded in air
there is no direct effect on human exposure. The immediate daughters of Rn-222
(Po-218, PH-214, Bi-214, Po-214) have short half-lives (from 0.16 ssec, %o 27
min) ang their decays are also likely to occur while the atoms are still sys-
pended in the air. The first and last of these decays are by a-emission; so
that, again, there will be no direct effects on exposure to humans == unless,
of course, the original radon atom, or one of thesa daughters had been taken
into the body Dy innalation and the energy of the subsequent decay were
depositad there. However, the second and third daughtars are f-emitters, and
their disintegrations are accompanied by a large fraction of the gasma-ray
energy appearing in the uranium decay series. Thus, even if these
disintagrations occur while the daugnters are still suspended in the air they
would provide some external exposyrs 20 humans == though not a very important
component from radon concentrations normally encountared in oytdoor air. The
(temporary) end-product of this group of decays is the (relatively) long=lived
Pb-210 (21 years). This undergoes two fi~decays followed by the emission of an
e=particle, which terminates the uranium series in the stadble isotope Pb-~206.
There are essentially no gammas associated with the decay of Pb-210; so this
isctope contributas only to intarnal exposure. That could resylt either froa
the inhalation of air {n which Pb-210 ware still present aftar the decay of
Rn=-222, with scme fraction of the PD-210 being lodged in the body, or from the
ingestion of plant-life growing on s0il in which the Pd-210 had Deen deposited.
The former is by far the sors isportant routs for exposurs 0 radiation from
P-210.

Very little radon is emanatsd from the surface of the ocesan, and on this
account the concantration in coastal air is low and variadble = depending on
whether the air {s moving from inland or from the sea. In the continental air
mass, the level of radfcactivity s about 150 pCi (pico-curies: 10-:2 Ci) per
cubic meter. A large fraction (>2/3) of the radon inhaled {s exhaled before it
decays, but the solid radon daughtsrs (the 21-year Pb=210 and the 140-day
Po=210) attach to the surfaces of the pulmonary tract == and particularly to
the walls of the hair-like passages in the segmental bronchicles. The dosa
rate to the tissues of the lung from this cause has (in NCRP-4S) been estimated
as being about 90 srem/yr, and to the bronchial epithelium about 450 mrem/yr.
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the weighting factor recommended by the ICRP (vho1e-body.doso equivalent
mes the dose to the lung tissue), the whole-body cqu1v¢leqt dose from
exposure of the lung tissue would be apout 11 mrem/yr. If one applies the
[CRP~recommencad weighting factor of 0.08 to the dose to the bronchial epithe-
yigm, this would add an aaditional 3€ mrem/yr to the yholc-boay dose

equivalent. Adding to the 80 mrem/yr alreaay identified (28 cosmic, 26
external and 26 internal), we have an average natural background exposure for
persons in the U.S. of rather more than 100 mrem/yr, without taxing into
account the proposed revision of the ingecr/cutdoor factor from 0.8 to 1.0,
whicn would raise the external component from 26 to 32 mrea/yr.

ysing '
ag 0.12 1

Up %0 this point the exposure %0 inhaled radionuclides (radon, etc.), has been
gescrived only in terms of persons breathing outdoor air. In fact, of caurse,
peccle spend a major fraction of their time indoors, and the radon levels in
awellings may be quite gifferent (usually higher) than the radon levels
out-of-goors. Radon seeps into dwellings from the soil in which the basement
is embédded, from the materials of construction == such as cinder blocks --
and, because the rate of excnange of air in dwellings is intentionally much
smaller than the rate of exchange of air outdoors (in houses weatherproofed for
energy conservation, a great deal ssaller), the radon concentration in indoer
air may run much higher than in the amdbient air outside. The effects of this
have not been considered here as part of the “natural background," since they
are, in fact, technologically enhanced and could (fn principle, at least) de
controlled. They do, nevertheless, provide an additional source of radiation
to which the population is exposed. Some (Quite partial) surveys have been
conducted. These do not yet begin to be adequate to establish an average leve!l
for indoor radon exposure for the U.S. Fros the surveys which have been sade
examples have been found in which the indoor radon levels were tan, or mors,
times larger than the continental outdoor average. Such a level would imply an
squivalent whole-body dose larger than the average alrsady identified by a
hundred =~ or even more -~ mrem/yr.

As stated earlier, the components of the dose equivalent rates from natural
background radiation as given above are derived from the data provided in
NCRP-45. In its 1982 report the UNSCEAR directed much sore attantion to radon
than it had in previcus reports; saying, in particular: "Inhalation is now
recognized to be the most important pathway," == and “on average about one-half
the effective dose egquivalent from natural sources of radiation is now
calculated to be due to the presence of radon in the air inside buildings.”

In the January 1987 draft of a forthcoming NRCP report, the dose equivalent

values for cosaic radiation, terrestrial gamma radiation, and the intsrnal dose

from cosmogenic radionuclides and X-40 are changed very little. But thers are
marked changes in-the components where the exposurs is proviced prisarily Dy
g-radiation: the yranium contribution to intarnal radiation, and, most
particularly, the dose attributad to inhaled radon. Thess changes were in part
occasioned by the increase from (=10 to Qm20 for a-radiation; but they were
2130 affectad Dy new data showing higher concentratfons of Pb and Po-210 in
bone, by higher eastimates for the tissue dose from radon decaying in the body,
and particularly by including some allowance for the higher level of radon
indoors as compared to outdoors. More specifically, the contridution of
uranium to the internal exposure is now being rated as about 10 to 15 mrea/yr
whole-body dose equivaient (rather than the value of about 7 notad above); and
the dose rate proposed for the bronchial epithelium is 2,450 mrem/yr (rather
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than the 450 suggesteg in NC3P-4S). Applying the weignting facisr of 0.08 %3
the dose to the broncnial epithelium would aad acout 200 arem/yr to the
wnole-body dose equivalent. [n summary, the draft version of the forthcoming
report provicdes an estimate of the total average annual exposure ts 4 memper of
the population of the U.S. from sources of natural backgroung radiation of

300 mrem.

It should De notec that tnere is some continuing cantroversy about the proper
weignting faciar ‘or the wnole-302y equivalent of dose to he dranchial epi-
thelium.  In acgition, as alreacy menticned, the data to estaplisn 3 country-
wide average of indoor ragen concentiration is still far from completg --
thougn aggitional surveys on Nhis gcint are in progress. For both of these
reasons the estimate af the coniritution from the droncnial epithelium to the
total qose must De regardec as sti:il in question.

I1. Celebrated Hot Spo%s

There are locations in which the natural background of terrestrial radiation is

much higher tnan those so far referred to. A particularly notable one is the T l
Kerala Coast. (The state of Xerala is on the west coast of India near the sou- N
thern tip.) In a narrow strip, extending 100 miles, or so, along the dDeach,

numerous patches of monazite sand are exposed. (The mineral monazite consists

of hignly insoluble phosphates of cerium and other rare earth elements in var- '
jous proportions, usually accompanied by some thorium and, on occasion, small

amounts of yranium, and their daughters.) The mast concentratad deposits are =

found in a 30-mile section of the strip; and there the monazite contains from l
8 to 10.5 percent thorium by weignt -- the highest known in the warld. About

70,000 persons live in this section. There is, of course, considaradble varia-

tion in the external terrestrial exposurs received by the pecple residing in

this region (some 3f the dwellings -- which are mostly made of coconut straw l
and wood == being located directly on patches of sonazite, and some not; some

resicdents being employed outside the high background area, while others spend

most of their time near home). However, on the basis cf radiometric surveys,

the average exposure to tarrestrial radiation for the 70,000 persons in the l
region has been estimated to be adbout 380 mrem/yr. For about 17,000 persons

the exposure has dDeen estinatad o exceed S00 mrem/yr. It exceeded 1,000 mrea/

yr for more than 4,000 persons; and it exceeded 2,000 marem/yr for about 500.

Pecple have been living in this part of India for hundreds of years. It is

very densaly populated, and it would seem unlikely that there has bDeen any large

influx of peaple from outside for 3 long time. In all prodadility mest af the

present residents have generations of ancestors who also lived in this region. '
Some preliminary epidemiological studies have been made, and more are planned.

Sti11 == at least as reportes up through sbout 1980 == nc statistically signi-

ficant evidence has been found of effects resylting from the unusually high

background radiation to whicnh the population of the Kerala Coast has been exposed. l

Impressive deposits of monazite sands also occur on some of the beaches of
Brazil, about 200 miles northeast of Rio de Janeiro. In particular, in the
town of Guarapari -- which has a resident population of 12,000 persons, and a
sunmer tourist population of 30 to 40 thousand == it has been estimatsd that
the average annual exposurs rate to extarnal terrestrial radfation in the town
is about 850 mrea/yr. Along the beach of this health resort thers are patches
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of "black sand” (particularly favored by the tourists) on which the ragiation
levels are from five to ten times higher than in the streets of the town.

There is a small agricultural area in China about 100 miles southwest of Canton
in which an appreciadle concentration of monaZite Ras dDeen cepcsited by allyvial
acsion. About 80,000 persons reside in the high-radiation area, and over 90%
of tnese have had six or more generations of foredcears wno lived in tne same
area. There are similar long-estadlished villages at gistances of only 10, or
so, km wnhere the concentrations of U ang Th in the soil are from 3 to 10 times
smaller; ang these have provided a control group. Thouqﬁ the external terres-
srial radiation level is four times greater in the hign-raaiation area than in
che control area the total whole-dody exposure (incluging cosmic ang interna)
components) is only 2.4 times greater, being apout 230 and 35 mrem/yr, respec-
tively. Extensive medical surveys have been made of the two popuiation groups
to obtain data concerning such factors as mordidity ang mortality rates from
malignancies, spontaneous abortion rates, and the incidence of heregitary and
congenital diseases. [n aadition, mere than 20,000 individuals from each group
were examined to check for differences in chromosomal aberrations, leukemia,

ana measures of growih and development. [n a number of instances the results
for the two groups were essentially identical, and in no case was a statistically
significant difference observed. Although no appreciable effect was found the
Chinese Radiation Ressarch Group which conducted the studies concluded that the
size of the population group was too small to show minor increments of detrimental
effects at such low doses.

In adgition to the monazite beaches there is a region in Brazil with very high
terrestrial background radiation in a distinctly different geological setting.
This is a volcanic area about 200 miles west (inland) from Rio and extending
nor:h from the city of Pocos de Caldas to Araxi where there ars intrusions
containing minerals having close to two percent thorium oxide and over one
percent uranium oxide. Radiation levels up to twics those notad in the streets
of Guarapari have been measured near Araxd, and on a saall uninhabited hill ==
the Morro do Ferro == near Pocos de Caldas absorbed dose rates in air up to

24 rads/yr have been reportad. No large population groups appear to be exposed
continually to the very high radiation background in this region.

In France locations providing absorbed dosa ratas in air of about 1.75 rads/yr

are not uncommon, and the discovery of a quita small area providing a rate of

over 80 rad/yr has been reportad. There are also locations in Paris whers one

may receive a biological dose of up to 350 mrea/yr. Though no one actually

Tives in St. Peter's Square in Rome, many people spend appreciable time there,
where it is reportad that the paving stones provide up to something like 400 area/
yr. The Fichtalgebirge is a granitic sountain near the northeast border of
Bavaria. There are saveral towns or villages on the slopes of this sountain.

On the streets of these villages the terrestrial y=ray expesure ranges up to

msore than 500 srem/yr == the highest known in the FRG.

In Grand Central Station in New York City -~ which was built with granits from
the Millstone Quarry in Connecticut -- there are locations where the external
terrestrial dose rate is adbout 525 arem/yr. Stone from the same source was

used in constructing the foundation for the Statue of Liberty in New York hardor,
and this alse provides a high radiation exposure. (While it was operating --
froa about 1740 to 1960 =- the Millstone Quarry was a favored source of building
material since it was immediately adjacent to the shore, and rock could be
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transported readily to lecations on the East Coast. The radiation exposure of
persons worxing in this quarry must have been gquite high.) Hign raaiation
levels (absorbed dose rates in air uo to 150 @rad/yr, or so) can also be found
in other granitic regions of New Eéngland, and, indeed, wherever else similar
rocx may be found at the surface. A different setting for hign tarrestrial
tackground ragiation is sresented by the phosphate deocsits in Floriga. From
this appreciadiy uraniferous material terrestrial bacxground radiation levels
of apsorbed dose rates in air uo to lS0 mrad/yr have Deen oosarved. Jeposits
of pnospnate rock ACCur thraugnoul the worlid. Among the major pnosphate-
producing areas the gepasits in South Carolina, Wyoming, and some of ingse in
Brazil have higner concantratisns of uranium than those in Floriga, while a
numcer of othars are comparacle to the cnes in Florica.

The remaining type of situation resulting in unusually high exposures to natural
background ragiation (excluging tne sircumstances affecting uncerground miners)
has to do with water. In the ionization states most usually occurring in natural
sattings, radium is much more scluble and modile than either yranium or thorium.
On this account water =~ and particularly warm water == flgwing througn beds of
sandstone or fractured granitic rack may accumulate concantrations of radium
very much higher than the concentration in the saterial through which the water
has been flowing. At locations where such water say eserge %o the surface one
has the makings of a “radium spring,” or -- whers the neignboring population is
sufficient to support it -- a “spa."

Locally notable “hot springs" occur in all parts of the worid. Many of these > 4
became famous as "health resorts” long befors the existence of radius was known,
and dbefores measurements of levels of radicactivity were ever considared. Of
interest hers is the fact that not only do some of the “waters” carry a leve!

of ragicactivity which would now ba regardad as distinctly unhealthy, but the

radon decay product of the radium in the watar is releassd to the atmosphers

and provides an unusually high level of exposure to the population in the neigh-
barhoed. '

There are repcrts concerning a few notable radioactive hot springs. For example,
the springs at Tuwa, a village in Inaia about 200 miles north of Bombay, have a
high concantration of Ra=226. In the air close to the main spring at Tuwa, the
y-ray dose (from the short-lived radon daughtars) has been reportad to be about
10, or more, rad/yr. At 3 distance of about a dozen kilometers (and several
villages) downwind, this exposure rats falls to ~750 arad/yr. Similariy, in the
city of Ramsar, a resort on the Caspian coast of Iran, papulation >10,000, there
is an area of a few squars kilometars around the radfum-dearing springs (which
eserge in downtown Ramsar) within which levels of absorded dose in air have been
measured ranging from 1.7% to over 40 rads/yr.

The springs at Badgastein, Austria (about 50 ailes south of Salzdurg) have
received the sost extansive and detailed studies of radicactivity, beth as to
the “watars,” and as t0 the surrounding neighborhood. This famous spa has bDeen
known as a “wataring place" for sore than six hundred years. Already in the
18th century several thousand persons travelled there each year for treatment.
Over the centuries sany accounts have been written (including one by Paracalsus,
printed in 1562) descriding the therapeutic effects of the baths at Badgastein.
Badgastein gained in popularity, so that by 1940, 30,000 visiters were reported,
and by 1970, about a million baths per year wars administared. By this timse,
also, about 300 hotels were said to be operating in the region to accommodats
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visitors, and the permsanent population of Badgastein and environs was about
12,000.

In 1904 the presence at Badgastein of “emanation” (as radon was then known) was
estaplished by P. Curte and colleagues. Subsequent studies have determined
enat, althougn the amounts of U, Th, and Ra in the soring water are not excep-
cignally hign, the Rn=222 content is outstanding. For most of the visitors, or
sca patients taking only a few treatments, the dose received is low (from a few,
tc a few tens, of mrem). For patients taking a "wnole cure’ (a dozen 2-hour

sessions in the "thermal gallery" in wnicn the Rn=222 concentration is 3.000.pCi/1),

the dose to the lung tissue is about 900 mrem -~ anc several times more to the
pronchioles. By innalation of Rn=222 tne S or €,000 permanent innaditants of
Baggastein proper == where the springs are locateg -- receive from 0.7 %o

1.5 rems/yr (in lung tissue). The bath attendants, other Dersonne! connectled
with the treatment facilities, and, particularly, the doctors atiending patients
in the "thermal gallery”" (a group of only a few hundred persons) receive from
about two, up to several tens, of rem/yr (to lung tissue) == or did receive such
exposure until about 1970 when some corrective measurss are said to have been
placed in effect. (The cose levels reported in this and previous paragraphs are
all in the "old scale”" using Q=10 for alpha particles.) Surveys have been sade
to compare the general health of residents of Badgastain with that of groups
living in similar circumstances =< but not having any enhanced radiation exposure.
These resulted in the conclusion that the longevity of the Badgastein residents
was not less, and the incidenca of cancar was not greater, than that for the
other population groups. As of 1972 studies to identify possible radiation-
inguced anomalies in cells had led to the tentative conclusion that at dose

Tevels up to somewhere between 0.3 and 1.0 rem/yr, thare was no clear evidence

of cell damage. For dosaes larger than somewhers dDetween 0.3 and 1.0 rem/yr,

there was an increasing incidence of (for example) Droken chromosomes. Presumably,
such studies at Badgastein have by now been extended.

There are many other well-known hot springs, or mineral springs, which have not
been discussed st recsnt symposia on high natural environmental radiation.

This could be betause they have been studied, and found not to have radiolog=
ical features of intarest; or becauss specific studies have not yet been sade.

Among these are the springs at Bath, in southwest England -~ a spa well-known
and used since Roman days. At adbout the same time as Curie made his findings
at Badgastein, J.J. Thomson (who discovered the electron in 1897) reported the
existence of copious amounts of “emanation” at Bath, and suggested that the
salubrious properties of the waters thers sight be dus to their radicactivity.
With respect to the watars at Saratoga Springs, New York — though it has been
pointed out that the watars bottled and distributed from there come from 2
spring having low to soderate radicactive content -~ some of the long=time
residents, preferring the watar from a different spring having several hundred
tises the radium comtent recommended (since 1962) by the NCRP as "saximus
permissible,” have been saking regular use of this sors radicactive water for
periods up to 50 or 60 years without any apparent deletarious effects. Reports
concerning the radfcactive properties (if any) of the springs in Vichy, France
(fa-ogs since Roman times) or at Hot Springs, Arkansas, or ¥Warm Springs,
Gesrgia, and sany other locations could also be interesting.
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"monitored on a monthly basis. The sites were (roughly) in directions west, nortn,

{Il. Some Local Surveys

Partial results from four sets cf observations of environmenta! radiation are
described. - The measurements reported are the sum of contributions from terres-
trial gammas and cosmic radiatics %3 the expcsure in air == m2stly in outdegr
air. The data consicearez were ar2w: from: (i) reports gf EM_ -- the Enviran-
mental Medsurements Latoratory of the U.S. DQE; (ii) NUREG-0837, the gquarterly
regorss ¢f the NRC TLD DJirect Radiation Monitoring Networx; (iii) the annua)
resor:s ¢f he Los Alamos Environmental Surveillance Grouo; and (iv) readings
Laken in tne course 3F a mini-syrvey made Dy the author in downtown Washington,
SC, in tne early summer of 1985.

(i) EML Data

Over mary years members of tne staff of the EML (initially the AEC's Health ang
Safery Laooratory == HASL) have studied a very wide range of aspects of enviran-
me~tal radiazion. Here, only t-iree particular projects are referred %0. The
*irgst of these is a pragram initiated in the fall of 1971 to monitar continucusly
the exposure level in outdoor air. Thermoluminescent dosimeters (TLD's) were

set up near four residential locations in the sudburbs of Mew York City, and were

and east, and at distancas between adout 15 and 30 miles, from Cantral Park.
These locations are a1l close to saa level (cosmic radiation exposure adbout

29 arad/yr in outdoor air) and in the Coastal Plain region (average exposurs to
terrestrial radiation previcusly said to be 23 mrad/yr). 0On this Dasis the °
exposure at these locations would be about 52 mrad/yr. »

The l0-year average exposures measursd ranged from 53 ts 80 arad/yr — in
acceptacle conformance with the nominal regional value. The annual averages at
3 given site were observed to fall in the range (maxisumrsinimm/winimm) of
only about 10X, but the measuresents for a2 given month showed differences of as
such as 40X from one year %o another at a given site. Such differencss were
attributed mainly to differences in the annual snow cover and rainfall.

One conseguence of such variability is that it may be difficult to obtain a
precise measurement of the sizs of some increment in exposure level (such as
might result from reactor operation or other non-natural sourcs of radicactive
ity) == at least on the basis of TLD readings, and particularly if the incre-
ment is small compared %0 the dackground. The TLD registars the sum eof the
incremental and background exposures intagratad over some pericd of tims. To
assess the increment i1t 1s necessary to subtract the background contributieon
from the total reading. Since the Background may vary, and cannot be read
separately, the background contribution will have to De assumed on some Dasis,
ang this say leave room for consiceradie uncartainty in the actual size of the
increment. This could, of course, De graatly isproved by the use of more
elaborats datactors, such as a spectrometar which could identify source iso-
topes; but such equipmsent {s not attractive for use in field sonitoring.

The second EML project to be mentioned here is their continuous sonitoring over
several years of the natural radiation exposurs ratas at Shorsham, NY, and the
EML station at Chester, NJ. The Shoreham site is on the North Shore of Long
Island, at sea level; and in the Coastal Plain region for tarrestrial radiation.
Chaster, NJ s a 1ittle more than %0 afles west of Shoreham, at an altituds of

15




r-—

apout 750 ft, and near the eastern fringe of the Middle America tarrestrial
region. The annual average exposure rates measured by EML were 59 mrad/yr at
Shorenam and about 109 amraa/yr at Chester. The cosmic ray components will have
neen 29 ana about 31 mraa/yr, respectively, so that the terrestrial components
were apout 30 and 78 mrad/yr. The terrestrial level at Shorgham is wel) within
tne range (15 to 35) previously ascribed to the Coastal Plain region, but the
leve! at Chestar is just adove the range (35 to 75) ascribed to the Middle
America region. The 50 mrad/yr difference in exposure rates is saaller than
many of the variations igentified earlier, but it is of interest to find that
it applied between locations which would not normally be thought of as widely
separated nor in different geograpnical provinces of the country. Actually the
80 mrag transition is much sharper than ingicated by the Chestar-Shoreham
comparison since two Of the residential sites discussed above, for which the
average annual exposures measured by EML were within one srad of that reportad
for Shorenam, are less than 25 miles east of Chester.

The third EML project considered is their sponsorship of a series of Inter-
national Intercomparisons of Environmental Dosimeters. Eight such exercises
were held Detween 1974 ang 1986 with participants from 130, or so, laboratories
from over 30 countries. The TLD exposure readings were compared with each other
and with control reagings on continuously monitoring high pressure ionization
champers. Many factors contributed to differences in the results obtained in
the intercomparison. These included effects from differences in packaging -
where doth wall thickness and ambient temperaturs of the luminescent element
affected the reaqings; differencas in calibration methods; in spectral response
-= as for example between terrestrial gammas and cosmic radiation; prodblems with
signal loss, or “fading,” for some phosphor types; and a few others.

The conclusion from the intercomparison series was that over 85% of the partic-
jpants obtained resuits within 230X of the delivered exposures and that about
half the results wers within 210%. Some of the test exposures included in this
observation were at higher levels than typical environmental levels, and in
general the percentage spreads in the readings are somewhat larger at lower
exposure levels. This is partly because the corrections which must be applied
for exposure during transportation and storage of the TLD's constituts a larger
fraction of the total. For this reason, also, TLD readings of background over
short periods == much less than & month, say == will not be very accurats. It

follows that exposures reported from different countries or different laboratories

say not be fully comparabie. Mowever, it may De expected that surveys sade by

a singie organization using standard procedures and egquipment will provide fairly
good data on the differences in exposure levels from place to place or from time
to time.

(11) NRC Survey of Nuclear Power Plant Sites

Since August 1979 (a few months after the accident at TMI-2); the NRC has main-
tained a network of TLD's around every licensed nuclear powsr plant site in the
country, both those under construction and those in operation. In each case
about 40 detectors are emplaced in a reasonably uniform azisuthal distribution
at various distancas from the plant == nominally, 16 within 2 miles of the plant,
but outside the plant boundary, 16 between 2 and S miles, and 8 between S and

20 ailes from the plant. The detectors are collected every three months and
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reslaced with fresh ones, and the reddings from ihe exposed detactars are
reporzad in the quarterly series NUREG-(G837.

The casmic component is uriform over the extent of the arrdy at any particular
site, so that any variation in a single array will De entirely gue to aiffer
ences in the terrestrial Sackground =~ unless effluents from an goerating plant
snould lead o higner reacings on geteciors close to the plant in the downwing
ci~ection. However, there is Tillie evidence of a general pattern of =n's sart
in tne qata collected, arc for nDlants still unger canstruction there is no suen
consigeration. [ndeed, there ire “wice a5 many instances in which the hignest
z3nal average is for one cf tne twd Oouter zones rather than for the inner~mosc:
Zcne. AL two Of the sites detestari unusually close 2o the plant also had Zhe
nignest reagings in the array. Tne data from these stations nas been ignored
in tne following, as has the data from a few other stations which provided
reagings which were obviousiy erroneous == sucn as indicating levels smailer
ran that of the cosmic comogonent alone, or levels which, for one particylar
guarter, were myuch higner~ than that for any other station in the array while,
for otner gquartars, the level at ihe same station was not ocutstamding. In
NURE3-0837 the exposure rates for the absorded dose in outdoor air are listed
in terms of mR/Quarter; but these are converted delow to arad/yr.

)

In the 4th quarter of 1983 arrays ware operated at 69 sites, but from trouble

in collecting the data needed to normalize the detector readings at 12 of these
sites corrected data are available for only 87 sites. The average exposure .
rate for the 57 sitas curing this quartar was about 66 srad/yr == in reascnadle
agreement with the 70 mraa/yr (30 cosmic plus 40 terrestrial) previously igenti-
fied as the country-wide population-weighted average value for the exposure

rate in outdoor air. The site average ratas ranged from a high of 108 srad/yr
(Fort St. Vrain) to a low of 42 mrad/yr (Catawba). The highest (nmon-anomalous)
reading for a single station was 135 mrad/yr at a location 13 ai frem Fort St.
Vrain.

0f particular interast in the prasent discussion is the range of readings among
the various detector stations within the limited extent of a single array. In
the 4th guarter of 1983 the average over the 57 sitas of the differencs between
the highest and lowest exposurs ratas recorded at each site was 34 arad/yr.
Amongst the sites this difference ranged from a low value of 16 srad/yr to 4
nign of 59 marad/yr. This maximum spread was between two stations in the Surry
array whers one station, 3.7 mi from the plant, recorded a rate of 39 mrad/yr,
while the other, 1l ai from the plant and 13 ai from the first, recorded a rats
of 98 mrad/yr. Of course, the ratas recorded at these stations == as for almost
all stations == changs from one quartsr to the next as do the differencas detween
them: dut dyring the whole of 1983 the difference in exposure at these two sta-
tions was 42 marad. This same differsnce in exposurs for the year also occurred
between twa stations, only 1.5 mi apar:, in the array at North Anna. While the
saxisum spread within an array was found at Surry in the 4th guartar of 1983,
for the other quarters of the year (first through third) the saximum spreads
‘were 23 follows: MecGuire (56), Surry (57), and North Anna (54). Along with
these maximum spreads, in the NUREG-0837 data for 1983 differencas in exposure
rates of mors than 40 srad/yr between stations in a single array wers recorded
at more than two dozen sitas. In half of these instances the stations involved
wers lass than 10 si apart. Except for the Far South East (as in Florida, for
exasple, whers the terrestrial background on undisturbed land is generally tso
small to allow room for variations as large as 40 srad/yr) these arrsys had an
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essentially country-wide gistribution: from the Pacific coast, through the
mig-continental region, to the Atlantic.

Finally, considering that in the NUREG-0837 survey there were nominally 8 sta-
tisns detween the 5 ana 20 mile circles around the plant, on the average each
station reported on an area of about 145 square miles. There is no reason to

s COOSe that the extremes in the naturally-occurring exposure rates within the
arrays would necessarily Be picked up in this survey.

(iii) The Los Alamos Survey

For many years the Environmental Surveiilance Grouo of the Los Alamos Laboratory

has monitored a large numper of locations in the technical areas of the Labora-

tory, ang also in the surrounding neighborhood, for the presence of a long list

of possible ragioactive and cnemical contaminants in the air, soil, ana water.

As a part of this operaticn they have maintained an array of TLDs to monitor

the CosSmic ray and terrestrial raagiation background. A number of these TLD sta- o
tions are ocutside the perimeter of the technical area at locations where normal
Laboratory_ operations would not affect the readings of the dosimeters. Seven

of these outside stations are deployed in the townsita; and these are all in

generally similar (mesa-top) terrain, ana are all at an altitude close to 7250 ft
(2,200 m). They are al) located within an area somewhat less than 7 square ailes,

and the extreme distance between any two of these stations is only 3.5 miles. -
- These seven stations thus constitute a rather compact array. The measursments ’
reported are believed to bDe within 4 percant of actual levels.

e

The TLDs register the sum of the absorbed dose in outdoor air from the cosaic

f‘ and terrestrial bDackgrounds == with the exception of the cosmic ray neutrons,
to which the particular detsctors used are not sensitive. To obtain the total

background exposure it is necessary to add 1l area/yr to the TLD readings to

allow for the neutron component (as taken from the dose-altitude curve of NCRP-

45 at 2,200 m). The total exposures for the calendar year recorded by the TLDs

at each station are listed in the annual reports of the Surveillance Group.

Again from NCRP-45, the average exposurs rate to cosaic radfation (excluding

- neutrons) at 2,200 a altitude is 60 arad/yr. The average of the TLD readings
for all seven stations over the six-year period from 1980 through 198% is

T 116 mrad/yr. The average exposure from terrestrial radiation is, then,

56 mraa/yr.
-
Over any particular time period the cosaic background will, of course, be uni-
form across this compact array, though over a six-year period the level will
- change somewhat as a consequence of the ll-year solar activity cycle. At the

geomagnetic latitude of the Continental U.S5., this variation has a saxisum
amplitude of Tess than 10X of the mean level. Changes in the array average

such as tnat betwees 1980 and 1981 (from 123 to 100 arad/yr.), or that between
— 1982 and 1983 (from 109 to 131 srad/yr.) will have resulted from changes in the
tarrestrial background. Presusmadly such shifts are to be accountsd for by
differences in precipitation, snow cover, and so forth -- and, indeed, there

was 30X more precipitation in 1982 than in 1983: 21.7" vs. 16.7.° However, the
. $12¢ of the changes from 1382 to 1983 was by no means the same at each station,
ranging from +ll srad/yr. to +3% srad/yr. Another curious exasple of a station-
to-station variation occurred between 1984 and 1985. The array average exposure
was 116 mrad/yr. for each of these years; but, while the exposure at one station
dropped from 135 to 120, that at another, only 1.2 ailes away, increased from
115 to 136§ mrad/yr.
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The scread Detween the highest and lowest readings in 1580 was only 2% araa/yr:
Dut for each of the other annual perioas this spread ranged between 30 ang

40 mrag/yr == even within the very 'imited extent of this array. Quring the

six annual intervals ccasicered, the lowest exposure was recorded it one or the
other of two stations, wnile tnree gifferent stations were involved in providing
the nighest reading of the year.

These examples, culieg f-om the rtsuips of the Los Alamos survey, point up the
fice that there is much more variapiiity in the natural bacxground radiaticn =-

motn cver time, and in spaca -~ than is brought to mind Dy references %0 countrywige,

or even regional, averages.
(iv) washingtsn, 0C

Being at sea Tevel, Washingtan has a1 cosmic ray dose rate (including neutrons)
close to 30 mrem/yr. Since the neutron component in this cosmic ray flux is
quite small the gifference between rads and rems is also small, and may be
ignored. Wasnington is in tne Coastal Plains Region for which the outdoor
exposure rate to terrestrial radiation is said to be between 1S and 35 arad/yr.
The natural background dose rate in Washington should, then, be batween 45 and
65 mraa/yr. Still, some question on this point is suggested by Alvin wWeinterg's
measurement in May 1379 of a dose rate of 250 mrem/yr during a hearing in the
Dirksen Senate Office Building.

I

Having this in mind, a hand-portable radiation rate-seter was taken on severa!)
short excursions during May, June, and July of 1986. The resulting observa-
tions cannot De consicerea to constitute 3 survey, since they were made in the
course of visits to a somewhat random salection of targets. The rapid time-
response of the rate-meter made it attractive to take many of the readings en
passant, so the precision of the readings was not impressive == something like
sl WR/Ar.  Still, the measurements were prodably sufficiently accurats to per-
mit the grouping intd the rather broad exposure ranges indicated below. The
rate-meter was calibrated in yR/hr; But that has been convertad to srad/yr using
1 uR/hr = 8.76 aR/yr s 7.6 arad/yr.

The following is a summary of the resylts of this mini-survey. The numbers
given refer to exposure rates in ambient air in mrad/yr.:

. 60-7%. The lowast rats observed was about 60. This was found in a
variety of locations: the doorway of the older Warld Bank Building at
18th and G; the 5th floor of the Hart Senata Office Building; at street
level inside the new Presidential Plaza at 19th & I. Rates close to 75
were found ale~g First Street, SE.; on the steps and amnng the columns in
front of the Supreme Court; the northwest doorway of tha Russell Senate
Office Building; the interior of the Lincoln Memoriai; and the street in
front of 1717 H Street, as well as in the lobby and the large conference
room op the 10th floor.

L 75-90. Examples were found along a number of streets (18th Street, I
Strest, Pennsylvania, and 20th); the lobdy of the Lombardy Hotal; the
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lobby of the National Science Foundation Building; and both on the street
level and the lower lavel of the Farragut West Metro station.

. 90-115. Rates in this range were found on upper floors of boinh the Dirksen
and the Russell Senate Office Buildings; on the street level of the new
world 8ank Building at 18th and Pennsylvania (then under construction)
except that the rate of apbout 90 increased to aocout 115 on walking past
the concrete structural columns; outsiae the base of the wWashington Monu-
ment; the lobby of the Hay Adams; ioopy of the New Executive Qffice Build-
ing; upper floors of the Lompardy Hotel: the men's rooms and corridors on
the 10th and 11lth floors of 1717 H Street (about 15 higher when passing
concrete columns); the roadway of East Capitol near the foot of the staps
%o the Capitol, the sidewalk along Pennsyivania Avenue near the whits House
fence.

] 115-150. Inside the Washington Monument at ground leve!l; beside the
Reflecting Pool; in Lafayetts Square (adbout 30 higher than on the other
side-of Pennsylivania Avenue); the street in front of the New Exscutive
Office Building; on some sections of sidewalk such as that paved with
bricks on Madison Place, and the section paved with ornamental stone slads
at 17th and N == both being about 30 higher than neardy sections with
concrete walks.

. 150-200. In this range were the entryway at the southeast corner of the
Presidential Plaza; the porte=cocheres on the east side of the Capitol; the
walk By the Viet Nam Memorial; and the steps from the Reflecting Pool uwp
to the Lincoln Memorial.

° >200. On crossing Madison Place from the east side of Lafayette Squars
(rata ~150) one can go through the porch of the Law Courts Building (rate
~265) into a delightful patio (rate ~240) and on into the lobby (rate ~120).
On starting up the staps to the Library of Congress from First Street, SE.
(rate ~75) one comes to0 the first landing (rate ~150), then the second
landing (rate ~225), and then the doorway (rate ~380) and on into the lobby
(rate ~115). On approaching the north entrance of the 0ld Executive 0ffice
Building one leaves the sidewalk on Pennsylvania Avenue (rate ~115), goes
through a gateway in the fence (rate ~165), crossas a flagstone=-paved patioc
(rate ~190) and up to the top of the steps (rate ~400) and into the lobdy
(rate ~138). Apart from these odbsarvations there is Weinberg's Senats
Hearing room (rate ~250).

(v) Variability

Oifferences in natural background exposurs rates of 50 to sors than 100 arad/yr
have already been identified in earlier sections of this disgussion. Such, for
example, as that in the cosaic radiation background between locations st sea~
level and locattons at an altitude of 3 or 4 ka., and as, also, that in the
terrestrial background between the Coastal Plain and the Denver, Colorade
Regions. Refarence to these instances suggests broad, sweeping changes as
between some location and another location a continent or part of a contiment
away.
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However, the variations noted in the local surveys just described make it clear
tnat the broad contours of the ragidtion intensity surface are overlaid dy an
irregular, fine-texturec networx of variations of appreciadbie size. It is not
necessary for an indivigual to travel from the Zast Coast to Denver in grder to
encounter large changes in ms rate of exposure to background radiation. (on~
sigeraple variations will De experienced Dy 2 stationary individual in many
locations, by ingivicuals traveling a few miles to the stors in many parts of
the country (as evidencea By the NRC survey), by individuals residing in one
house or in another house 4 few 3locks away (as from the Los Alamos survey),

c¢r by ingividuals cressing frem Jone side of the street to the other (as in
wasnington). Of course, the ":Icunt=/wide, potulation~weighted, average annual
exccsure” is a perfect!y we'l-aefined concept which is useful for some purposes,
even if there snouid not de an incividual anywhere who actually receives just
that exposure for one year, let dicne two years running.

Iv. QObservations and Comments

We know that extreme expasures to radiation can be fatal, and we know a fair
amount about the levels- wnich produce lethal effects in a short time. We even
know that therg is some risk that an exposure about twenty times saaller than
one resulting in a prompt fatality - a whole-body exposurs, that is, of some-
thing like 20 or 30 rem of low-LET radiation delivered in a short tise -~ may,
with a rather poorly known probability, initiats procssses which result in fatale

ity years later. However, there is a gap of about two ordars of sagnitude between

the dose levels for which observational data are availadble and the Jevels pro-
vided by natural sources. As stated in UNSCEAR-T7, "It must be emphasized,
however, that such estimatas” (referring to their estisate of =10°¢ fatal salig-
nancies/person-rad) “are derived predominantly from rates observed following
absorbec doses of over 100 rads," and “In particular, at low doses in the region
of those recsived annually from natural sourcas, no direct information is avail-
able as 0 the level of induction of malignancies that mignt apply.*

The human species has, of course, been receiving this natural Background radia-
tion, including variations of the sort already described, through the whole
pericd of evolutionary time. Over that period it has evolved from primitive
life forms, through the eariiest hominids, and on to modern man. In the course
of this it will have experienced a large number of suytations, of which some
fraction will have been induced By natural background radiation. It seems %o
be generally felt that the outcome ¢f this procass has bDeen favoradle.

In its cevelopment the species has accommodated to the factars found in its
environmant; and for many of these factors thers is a3 range of exposure levels
which goresr to be optimal for the wall=deing of the arganism. Frequently this
range is in the neighborhood of the levels usually encountarsd. Exposures (or
supplies) at levels within this range say be either neutral, or beneficial, or
essential to the organisa's well-deing; whereas great deficiencies may De detri-
sental or fatal, as may great excesses. Such is the case, for exsmple, for the
physical factors of heat, light, sound, and moisture. [t is also the case for
sany chemical substances such as Vitamin A, and even satsrials containing arse-
nic and selenium. These, and many other substances, are essential in tracs
amounts but are deletarious or lethal at even mederste doses.
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An agent having beneficial effects at low levels which would not be indicated

by interpolation from its known deleterious effects at high levels is sometimes
referred to as "hormetic.” It is not known whether low-LET radiation is hormetic
for the human organism, but it would not te greatly surprising if such should

ne the case. A large number of examples of radiation hormesis have been obsarved
in a wige range of plant and animal species == at least as gauged dy such factors
as growth rate, fertility, and longevity. Included in these observations is a
series in which the rate of proliferation of a colony of bacteria increased as -
wne radiation leve) was raised to fourteen times the natural background, but
cecreasec BOth as the radiation level was raised still further, and as it was
recucec Dy a factor of six below natural background by 10 cm of lead shielding.
Suggestive as such opbservations may be, they are, of course, by no means concluy=-
sive as to an hormetic effect of radiation on the specific and complex system
canstituting human tissue.

In contrast with this there is no doudt that a single quantum 1n damage a cal)
or inguce a mutation. A quite enormous numder of experiments :ve been conductad
on cell colonies and various types of animals showing deleter ..s effects of
exposures of ~10 rads, or more. Such observations are also suggestive; but,

as pointed out in UNSCEAR 77, they do not yet provide any direct information
concerning the incidence of carcinogenesis in man resulting from exposures in

the general range of natural background levels.

There are many cautionary statesents Dy many authorities calling attention to
the lack of actual knowledge on this last point. Those which appear in BEIR IIl
include the following:

) “The Committee does not know whether dose rates of gamma or X-rays of
about 100 mrad/yr are detrimental to man.”

. “The gquantitative estimation of the carcinogenic risk of low=dose, low-LET
ragiation is subject to numerous uncartainties. The greatast of these
concerns the shape of the dose-response curve.”

. "For the most part, the available human data fail to suggest any specific
dose-response model."

. The collective influence of the uncertainties which apply "is such as to
deny great credibility to any estimates that can now be made for low-dose,
Tow=LET radiation.”

) For its 11lustrative computations of the lifetime risk from whole=body
exposure the Committee chose the situations of a single exposure to
10 raas, and a continuous lifetime exposure to 1 rad/yr, and then said:
“S8elow these doses, the uncertainties of extrapolation of risk were
bo}ic:oﬂby :. sembers of the Committee to be too great to justify
calculation.'

In the face of these and other similar warnings that there is no factual basis
for any particular estimate of the risk which might apply as a result of an
exposure in the range of one to a few hundred mrad, precise values are routinely
asserted for such quantities by regulators (and others) on the basis of the
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no-threshald linear hypothesis. Of course, diffuj:nt precise values are

equally firmly assarted by different estimators since the slope of the line
empicyed s open to some choice. For example, the average risk of inducing a
fata) malignancy was taken as being “in the region of 107%/rad" ia UNSCEAR-77;
but the coefficient mulzizlying 107¢ in the estimate of the nuaber of fatalities
per man-rem Nas bBeen varicusly taken to be: 1.25 (1CRP-26, 1977), 1.7 (BEIR 1972,
1980, ana 10 CFR 20, NRC, 198S), 2.3 (MUREG-11S0, 1987), 2.7 (40 CFR 191, EPA,
1985), and 3.75 (40 CFR 193, EPA, 1987).

Though these assortad values disclay the lack of any absolutas technical basis

for the assumptions, Lo a very large extant the no-threshold linear nypothesis

has bDeen accsraad the status of an axiom. Two important corollaries follow

from this hypathesis. The first is that the risk to the individual is directly
proportianal to the dose (that is, the increment in exposurs over natural bDack-
ground plus radgiation received for sedical purposes) independently of the size

of the incremental exposure or the level of tha dackground. (The sedical com
ponent, incidentally, though hignly variable from parson to person, is estimated
(NCRP, 1987) to add S3 marem/yr to the average exposurs of the population of the
U.S.). The second corollary is that the collective consequances of an incresental
exposure of a population are directly proportional to the intagral of the
incremental number of man-rea delivered, independently of the size of the
incrementa] exposures. For hypothetical incidents, at least, the incresental
total of san-rem is itself the endpoint of a chain of assusptions concarning ,
meteorological factors, individual benavior, and so faorth. -
Not everyone subscribes to the linear hypothesis. There are those whe hold

that at low exposures the dose-response curve s concave downwards and lies
above a straight line from the origin so that the effects at low dosas will be
larger == possibly much larger == than indicatad by the linear hypothesis.

There are alsc those == including the smajority of the BEIR IIIl Commitias -~ who
consider it probable that the true response curve is concave wpwards, lies balow
3 straight line through the origin, and that the sffects at Tow doses will De
less == possibly consiceradly less -~ than indicatea Dy the linear hypothesis.
And then, as mentioned above, there are those who hold that radiation msy be
hormetic. For those, exposures in some range of low dosas would not necsssarily
constitute any risk at all. Arguments can Be (and have been) adduced in support
of each of these dose-response sodels; but, as already notad, the BEIR III Com
mittae concluded "the available husan data fail to suggest any specific dose~
response model.”

wWhether the fashicnable linear hypothesis represents any bielogical reslity or
nat, it doas Rave two faatures in its faver. One (for which few public claims
are sade) is that it 1s wonderfully economical of regulatory thought. The other
(that most commonly urged in its defense) is that it {s said to be “prudent.*
This nec=tachnical term == 1ike its sister regulatory terms "conservative® -- is
frequently invokad to provide an unassailable lfcansa to make mistakas, as long
as they are mads in the rignht direction, i.e., to overstata the negative aspects.
Howaver, other considerations must also be taken imts account, and a “prudent”
estimate on one side of an equation is unliksly to be of assistancs in striking
a (truly) prudent balance detween conflicting considerations -- a balancs, that
is, reflecting the exercise of good judgment.
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The ALARA principle may be taken as an example. Here the intention is to reduce
risk, but the quantity whicn can de agirectly affected by actions taken is
potential radiation expesure. It becomes progressively harder (and sore expen-
sive) to reduce the potential exposure the lower the level at the start. The
rescurces devoted to the exercise of ALARA are themselves of interest to the
public; but the ALARA principle is coen-ended. To avoid the indefinite ang ulti-
mately pointless fteratian of cost-denefit analyses along with efforts to devise
means of reducing potential exposures to ever lower Jevels, there is an odbvious
need for some sart of floor for the further imposition of ALARA. 0Of course,
along with ALARA and the linear hypothesis we do have tne $1,000 per man-rem
convention; but this merely intercalibrates the scales for risk estimates and
costs, albeit in a somewhat arpitrary fashion. [t enables Cost-denefit analysis,
ang may serve %0 SUpDort a decision that some particular mechanical mseasure
estimated to reguce exposures Dy Such and such an amount is not “worthwhile."

But it goes Nno way towards saying when furtner study may be laid aside. Neither
the linear hypothesis == and particularily not the presumed prudence of the risk
estimates derived from it -- nor the $1,000 per man-rem convention provide any -
logical assistance in specifying a reascnadcle floor faor ALARA.

v

Similar Tonditions apply to attempts to establish a de minimis dose. While
this and a floor for ALARA have much in common they are by no means identical.
The one refers to a level at which further efforts at reduction would not be
sandatory. The other refers to a dose level at which the consequences (if any)
would be deemed trifling and would not warrant consideration == either by
lators, ingividuals, or society. It has been urged that the establishment of a
de minimis level would searve a number of useful purposes, such as providing a
cut-off for regulatory efforts (presumably including estimation of collective
doses), providing limits for control programs, and, conceivably, assisting in
developing a bettar public understanding of the significance of radiation
exposure. Any level selected will have to meet a number of conditions, among
them that it can be adequately measured, but alsc that it be capadle of gaining
pudlic acceptance.

\

The desiradility of an official de minimis dose has been discussed for msny
years asong many groups. Most frequantly such discussions have startsd (and
often ended) with attempts to decide on an "acceptadle risk.” Levels for the
risk of premature death in the range of 10°% to 10°3/yr have been mentiomed in
this connection and, with the help of the linear hypothesis, a corresponding
range of dose levels: from less than one to over a hundred area/yr. It is, of
course, far from clear what an “acceptable” risk level may be, or even if there
is one. Much has been made of the fact that even in so-called “safe” industrial
settings the (occupational) risk may run as high as 10°¢/yr; and, since this
appears to be acceptadle, presumadly any risk appreciably smsaller == such as
107¢, say == ought to be acceptable to0? However, this say not cover the situs-
tion. For one thing, the risks in familiar settings have not been so flamboyantly
identified, debated, and Delabored as they have for radiation, and may to &
large axtent be accspted unknowingly. For another, there is nothing to say

that risks similar to or even smaller than these applying to sore familiar
activities would be deemed acceptable for radiation == partly in view of its
being pictured as more mystarious, but at least partly because the official
assumptions have tended to endorse an unlimitsd and unreasoning fear. Such
Psychological factors could well interpose great difficulties for any risk-based
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spproach to settling on a redsonaple prescription for a3 de minimis dose. There
is atso the more basic point tnat to proceed from i pre-assigned risk to an
associatad dose in a logical way cne really needs a fairly wall-founded gose-
response correlation; out, as 8elR [ll has tirelessly told us, we 40 not nave
one.

v. Conclusion

Canfronted with a zone of ignoranca 1 few Jecades wicde we have adopted the

simplest possible hypothesis for J3a 2s & convenient Drigge. A priori it woulg

seem ratner unlikely that 1 'inaar acse-response funciion would actually

provide a very good descriptiza of :ucn a complex biclogical relationship as

that between carcinogenesis an< *adiation axposure. Perhaps the best that can

be saig of it is that there is a »ajority opinion that it provides a “pruydent”
description. This cannot == regarzea as an intailectually satisfactory basis

for important decisions, carsizulirly whnan there are some quite relevant facts

which are known with cartainty. Amoagst inese is the wide variation in the -
exposures pecple recaive naturally. —

As a sufficient gesture.towards "srudsnce” one can leave aside the most extreme
situations -- such as the Andes, the Kerala Coast, or even the hearing rooms in
the Dirksen Senats 0ffice Building -- and still find that aillions of peocple
awell in low=LET radiation fields with levels from 30 2o sore than 100 sres/yr-
Targer than the averages usuaiiy assigned to the natural background of low-LET
ragiation. There is no evidence t=at the variations encountarsd Dy these quite
large contingents of the species are detrimental in any way. Such variations
are similar in nature to the other inhomegeneities which mark the planet we
inhabit: differencas in weather and climata, sunlight, altitude, watar, icae,
and so forth. They are feaaturss of the environment in which we have developed,
ang in which wa will continue to live. For the particzular factor of exposure
to radfation the natural background, and its variations, provide the most
certain guide and basis we have (and, quite possibly, the sost cartain guide

we ever may have) for consideration of such matters as appropriats levels for a
floor %o ALARA and for a de minimis dose. (These, of coursea, need not de the
same.) Though the guidance which might be drawn from odservation of the droad
spectrum of natural variations would have a real! basis, that would not peint
clearly at any precise value that should De used for the purposes we are
considering. It is not proposed to try €0 specify such a value here. However,
from the evidenca which has been presented it would appear that any attaspt %o
argus for & smaller level than 50 or 100 mrem/yr would have 0 construct its
syppert on the mystical basis of the linear hypothesis.

The main intent of this discussion is to urge that we base our actions and
decisions to the extent possible on things known. Quantitative statsments
concarning misk do not fall in that category. Particularly offensive in this
respect are the stataments freguantly emittad Dy regulators to the effect that
30 and 30 sany "excess fatalities” will result from such and such an incre-
mental exposure, or bDe saved by this or that proposed new procadure. Sech
stataments-are not only without foundation == derived, as they are, by the
application of some simple scale factor of unknown validity == but they also
tand to give the umwarranted and revolting impression that fatalities are the
coin of the reala in nuclear affairs. It {s really of great importancs that
commants concerning risks, fatalities, and so forth should be as factual as
possible. They should leave no roos for doudt as to what the real situation
is, namely: that neither we, nor anyone else, knows the precise rslationship
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between dose and response at low doses; but that, at least within the range of
exposures discussed above, there is as yet no evidence of any detrimental
effecis on man.

NOTE CONCERNING RADIATION UNITS
The units used throughout this discussion are the “rad" and the "rem.'

The rad is the unit for energy deposited by ionizing radiation of any type in
any satarial. OQne rad refers to an exposure resulting in an absorved energy
(or “dose”) of 100 ergs/gm. To provide a correlation between the radiation
flux and the dose, it is necessarv to specify the material considered. Thus,
one speaxs of “an absorbed gose in air* of so many rads. Sincs there are more
electrons par gram in biological tissue than in air (resulting from the larger
proportion of hydrogen in tissue) a given flux of radiation will deposit some-
what more energy per gram in tissue than in air. This difference, however, is
rather small (only 7X) and is usually ignored; so that, to a reasonadble approxi-
mation, a radiation exposure providing an absorbed dose in air of one rad would
be said to provide one rad of absorbed dose in tissue.

The rem is the unit used to calibrata biological effects in human tissue. One
res is the dose from any radiation that produces biological effects in the body
equivalent to those from one rad of X-rays within a given energy range. One
rad delivered Dy a-particles is more damaging then one rad from X-rays, even
though the amount of jonization per gram produced by the two would be the sase.
In the case of the a-particle most of its energy is deposited in a very shere
distance at the end of its path, resulting in a very high level of iontzation
within a quite small voluse. On this account an a-particle is said to have a
high Linear Energy Transfer (LET), and the radiation it provides is referred to
as high=-LET radiation. By contrast, an A-ray deposits its energy sore uniformly
along the length of its (longer) path, and X-rays (as well as y-rays and
f-particles) provide what is called low=LET radiation. To take account of

the differencas in diological effects, a factor ~- variously referred to as

the Ralative Biological Effectiveness (RBE) or Quality Factor -- and, in
current writing, usually designatad Q == is introduced, by which the dose in
rads is multiplied to obtain the dose in rems. By definition, Qsl for X-rays;
and is also taken to be unity for y=rays and f-particles. However, for
a-particles, it is now officially agreed to take Qu20. A value of Q between §
and 20 is currently assigned to neutrons.

One further convention is necessary. a-particles as well as f-particlas,
deposit their energy in a3 gquite thin layer of tissue immediataly adjacent to
their sourcs. Thys, they do not provide a "whole-body” dose, but only a dose
to the organ (or small portion thersof) in which the sourcs of such radio-
activity say be locatad. In order to assess the relative diological hazards of
the effects of radiation delivered by varfous means to various parts of the
body, one needs some way of translating any particular organ dose onto a Common
scale at a level judged to represent an equivalent overall effect. The ICRP
has devoted extensive efforts to developing a system of "weighting factors”
wheredby the dose to any particular region of the body can be convertsd to an
ppropriats value of whole=body dose equivalent (D.E.). This is called the
effective” D.E. Thus, for example, the effects of a dose of x rea to the lung
tissus is taken to be adequataly represented by 0.12 x rem of whole-body D.E.
Obviously, the sum of all the weighting factors for the different organs, or
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body judgea to be significant. aust equal unity -- so that a
3 each significant centar will, when addes up, equate %2 a

\ of xrem.
comment, it may S2 nfoted that tne classizal unit for radiation
‘oentgen (R) == is no longe= in use, thougn it apoears in aany

\ cent reports. The Roentgen was dafined in terms of the amount
.duceg; 10 3articular:  one sy of charge in one cudic centiseter
_.. at standard temoerature and Jressur:. Tnis is equivalant %o an atsorded
dose in air of 87 ergs/gm (C.37 ~aq), or of 9] e~gs/gm in tissue. At least in
discussions of natura' packgrzure radigtion {whera air and tisiue are the media
of intarest) the rough 225r3x133tion 1 R = | rag is frequently used. Today,
thers is the newer SI urit ‘cr ece~gy ce0ositad -- the Gray (Gy). One Gray is
the exposure resylting in the qesasition of ane joule/kilagram (rather than
100 ergs/gm) so that 1 Gy = 100 r~acs. Siailariy, the SI unit for dose equiva-
lent in biological tissue == ina 3iavert (S+) == is such that 1 Sv = Q Gy =

100 rems.

Finally, just as one czuid (if Qne chose) calibrate velocity in tarms of furlongs
per fortnight, there is.the unit of the Working Level (WL) to calibrates a-activity
in air, and the Working Level Month (WlM) for the integrated exposure to such
radioactivity. The WL is define2 as 1 concentration of short-lived radon
daugntars which would result in the release of 1.2 x 10% Mev of s=energy per -
litar of air. The population of %ae radon daughtars Po~218, PB-214, Bi-214, =
and Pg=214 in racifoactive equilibrium with 100pC{/1 of Rn=222 would release 1.3

x 10% Mev of a-energy per liter, and would thus provide one WL. The WM s
defined as the exposurs to one WL for 170 hours. As with any attespt to
correlate the concentration of airporne radicactivity with the dese delivered

to any particular organ (such as the lung) resulting f~om inhalation, the steps
are sore than a little complicated; requiring, as they do, either knowledge or
assumptions concerning breathing rate, departures froa radicactive equilidrium
(which essentially always—apply except in situations wnere the air is gquita
stagnant), the particle sizes of the aerosols involved, and the axtent to which
the individual radon decay products are attached (or not attached) to the dust
particles within the air, as well as the physioiogical distridbuytion and retantion
of the materials inhaled. On the dasis of averaging assusptions on each of
these paints it has been taken that one WLM corresponds to & dose of apout

12-14 rems %o the segmental bronchicles. With the ICRP weighting factor of

0.08, one WLM carresponds %0 a whole=body dose equivalient of adbout 1 rem.
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RADIOACTIVITY RELEASED FROM

PHOSPHATE-CONTAINING

FERTILIZERS AND FROM

GYPSUM

RICHARD J. GUIMOND and JAMES M. HARDIN
Office of Radiation Programs, U.S. Environmental Protection Agency, Washington, DC 20460, U.S.A.

Abstract—Large amounts of uranium, radium and radium decay products are redistributed throughout
the environment due to the use of phosphate fertilizers. Potential radiological impacts resulting from direct
exposure, surface run-off, inhalation and ingestion of foods grown with fertilizers are discussed.
Also, waste gypsum piles, a by-product of fertilizer production, are a significant source of radon emissions

to air.

INTRODUCTION

Fertilizers containing phosphate have become essen-
tial to the world’s agriculture. They are produced and
used worldwide in increasing quantities to replenish
natural nutrients depleted from soils because of farm-
ing and erosion. However, the mining, processing
and use of fertilizer materials in massive quantities
redistributes radioactive trace elements throughout
the environment, principally uranium, radium and
radium decay products.

Gypsum is the by-product of the production of
phosphoric acid used in the manufacture of phos-
phate fertilizers. Phosphate rock is treated with
sulfuric acid to produce phosphoric acid, which is
then combined with either ammonia or a form of
marketable phosphate rock to produce ammonium
phosphates and concentrated superphosphates, re-
spectively. A form of impure calcium sulfate called
gypsum is removed as a precipitate. This gypsum is
normally disposed of simply by placing it into large
tailings piles, which remain indefinitely. Most of the
radium in the phosphate rock is co-precipitated with
the gypsum. Thus, gypsum piles become a source of
radioactivity released into the environment.

THE MANUFACTURE OF FERTILIZERS

Fertilizers are made up of materials containing
nitrogen, phosphorus and potassium. Generally, the
nitrogen is derived from an ammonia based material,

Sulfuric — Phosphoric
acid acid

the phosphorus is obtained from phosphate rock, and
the potassium comes from potash. The nitrogen
portion contains negligible radioactivity. The phos-
phorus portion may contain substantial concentra-
tions of uranium, thorium and radium and their
decay products. The potassium portion has a small
amount of potassium-40, in accordance with its gen-
eral concentration in nature.

Drastic chemical treatment with strong acids (sul-
furic or phosphoric) is necessary to produce soluble
phosphate products. This technique of producing
primary fertilizer products is called wet process
phosphoric acid. In this process, phosphate rock is
combined with sulfuric acid to form normal super-
phosphate. This fertilizer product is a mixture of
phosphoric acid and gypsum (calcium sulfate). If the
gypsum is filtered out of the material, the resuitant
liquid fertilizer product is phosphoric acid. By
combining phosphoric acid with phosphate rock,
another fertilizer product, triple superphosphate, is
produced. Finally, combining phosphoric acid with
ammonia forms various ammoniated phosphate
fertilizers. These processes and their products are
illustrated in Fig. 1.

SOURCES OF RADIOACTIVITY IN FERTILIZERS
AND GYPSUM

The radiological importance of fertilizers of a
specific country is dependent on where the phosphate
rock used to make the fertilizer is mined. Investiga-

+ Ammonis Ammonium
phosphates
(46-48% P, Oy)

Marketable

phosphats
rock

+ Sulfuric acid

Marketable

+ phosphate
rock Concentrated

superphosphate
(40-48% P, Oy)

Normal

superphosphats
(18-20% P, Os)

Fig. 1. Primary phosphate fertilizer production flow diagram. ~
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Table I. Radioactivity {(Bg/g) in phosphate rocks

Percent
Rock origin phosphate Ra-226 U-238  Th-232 K-40
Morocco 34 1.6 1.7 0.01 0.02
Morocco 35 1.6 1.7 0.02 0.0t
Taiba-Togo 35 i1 1.3 0.03 0.004
{cakined)
Bu-Craa k2] 0.9 09 0.007 0.03
(Western Sahara)
Kola (US.S.R)) 39 0.03 0.04 0.08 0.04
U.S.A. (Florida) 32 1.6 1.5 0.02
U.S.A. (Western) 31 1.0 1.0 0.02

tors have reported a wide variation in the concentra-
tions of radionuclides in phosphate rocks (Menzel,
1968; Guimond and Windham, 1975; Pfister et al.,
1976). Typical concentrations of uranium and radium
in phosphate rock from various places in the world
are listed in Table 1. Uranium is reported to range
from about 0.1 to 10 Bq/g, but there can be substan-
tial variations in the concentrations of a given
radionuclide within a specific country. For example,
in the United States, radium concentrations range
from about 0.2 to 2 Bq/g, with ores mined in Flonda
having the highest concentrations and ores mined in
Tennessee having the lowest.

In 1983, about 135 miilion metric tons of phos-
phate rock were produced worldwide (Stowasser,
1985). About 46% originated in the United States or
Morocco, and the remainder came from over 25
different countries in North America, South America,
Europe, Africa, Asia and Oceania. These production
data are summarized in Table 2. International trade
in phosphate rock is summarized in Table 3.

There are very few analytical data available regard-
ing the radioactivity content of the multitude of
fertilizer mixtures used in the world. The concentra-
tions of uranium, thorium, and radium and their

1978). Also, the concentrations of radionuclides for
various fertilizer products used in Germany were
measured by Pfister et al. (1976). These data are listed
in Tables 4 and S, respectively.

The differences in the radioactivity concentrations
of the various basic fertilizers listed in Table 4 are
principally due to the partitioning that occurs during
the acidulation phase of phosphoric acid production
(Guimond and Windham, 1975). Most of the radium
stays with the gypsum, whereas the uranium and
thorium remain with the phosphoric acid. Since
normal superphosphate contains both phosphoric
acid and gypsum, it has the largest concentration of
radionuclides. Commercial fertilizer blends made
from normal superphosphate would be expected to
contain more radium and other radionuclides than
fertilizer blends made from other basic fertilizer
materials. Commercial fertilizer products derived
from phosphoric acid would be expected to contain
the smallest concentrations of radium, but they may
have substantial concentrations of uranium. How-
ever, in the United States, many plants have installed

Table 3. International trade in phosphate rock—1983 (principal
exporting countries)

decay products in some commercial fertilizers in the f:up,:r:;"s Destination Q“(';:;"y
United States have been studied by the U.S. Environ-  j5¢ Canada 2648
mental Protection Agency (Guimond and Windham, Western Europe 3776
1975; U.S. Environmental Protection Agency, 1977, Asia 3498
Eastern Europe 863
South America 440
Table 2. World phosphate rock product 1983 Oceania 390
T - Morocco Western Europe 9445

O

Country Pm‘(il‘:;uon Country PTO?:‘C)U " Eastern Europe 2760
South America 802
North America Asia Asia 1385
US.A 42,573 China 12,669 Oceania 35
Mexico 700 Christmas Is. 1,094 Algeria and Tunisia Western Europe 122
{srael 2.969 Eastern Europe 846
South America 3,229 Jordan 4,749 Asia 20
Vietnam 220 Israel and Jordan Western Europe 2148
Other 3614 Asia 1694
Europe Eastern Europe 1454
USS.R. 27,200 Oceania 80
Other 498 Oceania Senegsl Western Europe 877
Australia 21 Asia 315
Nauru 1.684 Eastern Europe 57
Africa Togo Western Europe 1174
Algena 898 Eastern Europe kel
Morocco 20,106 Asia 20
Senegal 1,249 US.S.R. Eastern Europe 3701
Rep. of S. Afr. 2,742 Total 135,000 Western Europe 1193
Togo 2,081 Pacific islands Australia 1687
Tunisia 5.924 New Zealand 756
Other 780 Others 16
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Table 4. Radioactivity (Bq/g) in United States fertilizer products

Percent

Product phosphate Ra-226 U-238  Th-232
Superphosphate 18 0.78 0.74

Triple Superphos (Florida) 38 0.78 2.1 0.049
Triple Superphos (Western) 38 0.52 1.6 0.17
Phosphoric Acid (Florida) 28 0.037 0.93 0.11
Monoammonium Phos (Florida) 54 0.19 2.0 0.06
Monoammonium Phos (Western) 54 0.031 1.0 0.074
Diammonium Phosphate (Florida) 46 0.21 20 0.06
Diammonium Phosphate (Western) 46 0.024 0.78 0.003

Table 5. Radioactivity (Bq/g) in German fertilizer products

Percent
Product phosphate Ra-226 U-238  Th-232
Superphosphate 18 0.52 0.52 0.015
Triple Superphosphate 38 0.23 0.80 0.044
Thomasphosphate 1417 0.007 <0.04 <0.004
Hyperphosphate 29 0.84 0.88 0.16
Novaphosphate 23 0.5 0.78 0.015
Carolonphosphate 26 0.57 0.92 0.03
Rhenania-Phosphate 28-30 0.03 <0.04 0.06
Kalkiphosphate 3840 0.055 0.81 <0.004
ENPEKA-Ammon-phosphate 52 0.089 23 0.048
Diammonium Phosphate 45 0.019 22 0.019

Table 6. Radioactivity (Bq/g) in selected German fertilizer blends
Percent

Commercial name phosphate Ra-226 U-238 Th-232
Complesa (15/15/15) 15 0.34 0.54 0.01]
ENPEKA (12/12/17) 12 0.29 0.67 0.004
KAMPKA (13/13/21) 13 0.055 0.25 0.022
Neues AmSupka 12 0.50 0.63 0.007
NITROPHOSKA (10/15/20) 15 0.26 0.62 0.019
RUSTICA (13/13/21) 13 0.007 <0.04 0.044

solvent extraction circuits, enabling the recovery of 14,000 and 990 GBq of uranium and radium respec-
uranium as a co-product rather than shipping it asa tively entering the United States biosphere each year,
contaminant in the fertilizer. Five plants in the as shown in Table 7. This is only a small percentage
United States now have the potential to recover upto  of the total radium associated with fertilizer produc-
a total of 1.7 million kg of uranium oxide each year tion as most of the radium remains in the gypsum
(Stowasser, 1985a). waste piles. As fertilizer production moves towards
Commercial fertilizer blends made from triple phosphoric acid and ammoniated phosphates rather
superphosphate, ammonium phosphates, or other than normal superphosphate or triple superphos-
basic fertilizer materials are likely to have radium and  phate, there is more efficient removal of the radium
uranim concentrations lower than the primary phos- from the wet process plant to the gypsum pile.
phate fertilizers. Typical concentrations are Using the same method suggests that about
expected to be about 10-50% of the concentrations 4000 GBq of radium are introduced into Western

listed in Tables 4 and 5, because the basic fertilizer
" Table 7. Radioactivity (GBq) in fertilizer used in the United States

products are used in those proportions in many Closay
fertilizer blends. This is demonstrated by the data in o
. osphate

;l:bl: ? asilgbtamcd by Pﬁ:;r .foz} some blcx;:lﬁe(: anc: Region ) Ra226 U238 Th32
lec ertilizer products used in Germany (Pfister e Northerm 720 ” 0 19
al., 1976). Lake states 540 120 1,700 4s
Comn belt . 1500 330 4,800 130
Northern plains 460 100 1,500 39
RELEASE OF RADIOACTIVITY FROM FERTILIZERS Appalachia 400 88 1,300 34
Southeast 320 70 1,000 b}
The relea nium and radium to the environ-  Delta states 130 42 610 16
ment d Sc‘?flfl:a be illustrated usi Southern piains 350 77 1,100 29
Nt due to fertilizer use may be illustrated using  ounain states 240 53 770 2
United States fertilizer consumption data. Weighting  Pacific 270 59 870 2
United States consumption data by proportions orig- T/ 4450 987 14360 420

*Estimates of total radioactivity developed from data on fertilizer

inating in the South and West of the country and
g y production in the United States for 1984 by weighting the

applying the appropriate concentration data from production data by proportions originating in the South and
Table 4 (Stowasser, 1985b) produces the estimates of West and applying concentration data from Table 4.
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Europe each year in fertilizers (Stowasser, 1985a).
This is likely to be an underestimate because it is
based only on the phosphate rock imported into
Western Europe and does not include the fertilizer
products directly imported.

Release through run-off and leaching

Elements such as phosphorus and potassium are
not generally recycled to the biosphere in large
quantities. These elements, if not intercepted by
plants or held by soils, have a one-way journey to the
sea. This is also the fate of the various radionuclides
that are incorporated with potassium and phosphate
nutrients (Miller, 1972; Mistry et al., 1970).

Spalding examined uranium concentrations in
numerous rivers flowing into the Gulf of Mexico
(Spalding and Sackett, 1972). His studies indicated
increased uranium concentrations when compared to
20-year-old data for the same rivers. He attributed
these increases to the widespread application of phos-
phate fertilizers in agriculture. Radium is likely to be
more insoluble and to stay with the sediments. In-
creased recovery of uranium from phosphoric acid
should reduce the amount of uranium available to the
environment as run-off in future years.

Comparison to Tabie 7 shows that about 40% of
the total radioactivity distributed by fertilizer use in
the United States during 1984 was in the Mississippi
basin States. A rough estimate suggests that about
390 GBq of radium and 5700 GBq of uranium
were present in the fertilizers used in Illinois, Iowa,
Minnesota, Missouri, Wisconsin, Kentucky, Tennes-
see, Mississippi, Arkansas and Louisiana. Conse-
quently, the Mississippi and its water basin probably
receive the greatest amount of radioactivity from
agricultural run-off in the United States.

Release through crop uptake

Since most fertilizers are used to improve crop
yields, there is concern about the potential uptake by
plants of the trace radionuclides present in the fertil-
izers. Using mean values of the specific activities of
natural radionuclides in phosphate fertilizers, Pfister
estimated the maximum build-up of uranium and
radium in soils that might occur in Germany due to
fertilizer usage (Pfister er al, 1976). A maximum
fertilizing intensity of 1525 kg/ha was reported in the
region of Wurzburg in 1973-74. From this, he calcu-
lated that about 3.2 MBq of uranium and 2.2 MBq of
radium might be added to the soil each year. Much
of the uranium, radium and thorium is likely to be
strongly adsorbed by the soil, as is phosphate (Shultz,
1965). Consequently, there is some build-up of
radionuclides likely to occur in heavily fertilized land.
Guimond and Pfister estimated that such build-up
may range from a few percent to greater than the
original radionculide concentrations in the soil
(Guimond, 1978, Pfister et al., 1976). Radium and
uranium are normally present in soil in concentra-
tions of about 0.004 to 0.11 Bg/g of soil.

RICHARD J. GUIMOND and JAMES M. HArRDIN

Studies by several investigators have indicated that
food crops take up radionuclides such as radium and
uranium from the soils in which they are grown
(Mistry et al., 1970; Penna Franca et al., 1965;
Watters and Hansen, 1979). The amount of uptake
has been shown to be dependent upon several factors,
including solubility, crop type, soil type, and calcium
concentration in the soil. In most cases, the relative
concentration factors (concentration in dry plant
materiai/concentration in dry soil) was less than 0.1,
suggesting that the radionuclides are excluded to
varying degrees. None the less, increases in soil
radioactivity concentrations due to fertilizer use may
be accompanied by some increases in the radioactiv-
ity present in various food crops, although generally
it should be small. Investigations in New Zealand,
Australia and the United Kingdom have shown
increases in the respective a-activity of wheat grains
and sheep bones after wheat fields and grazing areas
were intensively fertilized with superphosphate
(Marsden, 1964).

Releases to air and exposure to y-radiation

Windham studied workers in wet-process fertilizer
plants in the United States (Windham er al., 1976).
He reported that workers who come in close contact
with large amounts of phosphate ore and fertilizer
products are subject to the inhalation of dust gener-
ated by unloading, crushing, drying and transport.
He reported a maximum potential dose equivalent to
the lungs of about 50 mSv/y. He also estimated that
direct y-dose equivalents for workers ranged from
about 0.3 to 3 mSv/y. There are no data on workers
at blending and mixing plants and storage facilities,
but direct exposures from worker proximity to large
quantities of fertilizer could be similar to the direct
radiation exposures measured at wet-process phos-
phoric acid plants. Such exposures could substan-
tially exceed typical natural radiation background
exposure.

Umwelt calculated that, based on fertilizer use
in Germany, an external radiation exposure of
1.1 uSv/y could occur to the gonads and bone mar-
row from one application of phosphate fertilizer. By
estimating the total amount of fertilizer applied dur-
ing an 80-year period, he calculated that a member of
the general public could receive about 17 uSv/y from
external exposure to phosphate fertilizers and that
agriculturally employed persons could receive about
20 uSv/y (Umwelt, 1975). Pfister made similar calcu-
lations based on slightly different assumptions. He
concluded that a member of the general public was
not likely to receive more than about 4 uSv/y due to
fertilizers and that an agricultural worker would
receive about 13 uSv/y (Pfister er al., 1976).

RELEASE OF RADIOACTIVITY FROM GYPSUM PILES

There is a large amount of by-product gypsum now
stored in waste tailings piles. There are approximately
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60 gypsum piles at 40 different locations in the United
States, primarily in the States of Florida, Idaho,
Iilinois, Louisiana and Texas. These piles are a
py-product of an industry that produces phosphoric
acid at a rate that reached approximately 10 million
tons in 1981 (The Fertilizer Institute, 1982). The total
surface area of these piles is about 3300 ha (U.S.
Environmental Protection Agency, 1987). As the
worldwide consumption of phosphate is approxi-
mately five times that of the United States, the
world-wide gypsum pile inventory may be about in
the same proportion (The Fertilizer Institute, 1982).

In the United States, the gypsum is usually trans-

ferred to nearby disposal areas with little or no prior
reparation of the land surface. The gypsum slurry is
pumped to the top of the pile, where it forms a small
impoundment. The pile is enlarged by dredging gyp-
sum from the impoundment to increase the height of
the walls that enclose the impoundment. Such piles
may cventually reach 300 ha in area and 60m in
height (U.S. Environmental Protection Agency,
1987). Most of the radium in the original phosphate
rock processed through phosphoric acid plants re-
mains in the gypsum piles.

Radioactivity in the gypsum pile may escape by a
variety of mechanisms. The radium becomes a source
of radon, which continuously diffuses to the surface
of the pile and escapes to the air. When the pile dries
out there may be wind erosion at those locations
where the surface is disturbed, ¢.g. by 2 bulldozer or
other vehicles. Then, radioactive particulate matter
may escape from the pile into the air. Rain water may
pass through the pile, leaching radionuclides into the
ground water and nearby surface waters. Finally, if
this by-product gypsum is removed from the pile and
used as a building material or soil conditioner, or for
some other use, there is usually a greater probability
that radionuclides will escape into the environment.

Releases to air

Horton has measured the radon emission rates
for two phosphate gypsum piles in central Florida
(Horton, 1986). Both piles had an average radium
concentration of about 0.9 Bq/g. The release rate of
radon was measured to be about 3600 Bq/m?/h; the
total annual release rate was estimated to be
25 TBq/y for a pile with an area of 82 ha. The escape
rate varied by almost two orders of magnitude at
various measured points on the pile. This variation
can be explained by nonuniform distribution of ra-
d!um in the pile material and moisture content in the
pile. Meteorological parameters such as barometric
pressure, wind speed, ambient temperature, and hu-
midity might potentially influence the release rate.

Hartley made more detailed measurements of
radon emission rates for two phosphate gypsum piles
in Florida over a 4-day period (Hartley and Freeman,
1986). The average radon escape rate Wwas
2500 Bq/m?/h. For the drier areas, the escape rate was
1500-3800 Bq/m?/h; while for the wet areas it was an

Table 8. Radionuclide concentrations (uBq/M?) in particulates
collected near a gypsum pile

460 m upwind 115 m downwind
Radionuclide from pile edge from pile edge
U-238 3.7 5.6
U-234 4.1 59
Th-232 4.1 5.6
Ra-226 41 10

average factor of 9 less. Locations on the pile covered
with 815 cm of soil had an average radon escape rate
of about 900 Bq/m*/h.

The U.S. Environmental Protection Agency has
recently measured radon releases at four active and
one inactive gypsum piles over a year-long period
(U.S. Environmental Protection Agency, 1987). Mea-
surements were made at weekly and monthly inter-
vals at 10 sites on each pile. The overall escape rate
for all locations on the four active piles was
2500 Bq/m?/h; for the inactive pile for the same
period, the escape rate was 500 Bg/m?*/h. Experience
in central Florida has shown that when gypsum piles
become inactive, a thick crust forms, which acts a
natural barrier to radon emissions, reducing the
escape rate by about a factor of five. The concentra-
tion of radium in these piles acting as the source of
the radon was approximately 1.1 Bq/g. The corre-
sponding uranium concentration was about 0.1 Bq/g.

The U.S. Environmental Protection Agency (1987)
has estimated the total release of radon from all
gypsum piles in the United States as being about
330 TBq/y from a total surface area of 3300 ha.

When there is vehicle traffic on the pile, particulate
emissions to air from gypsum piles can be observed.
Wind erosion normally does not occur because of the
protection afforded by the high moisture content of
the active piles or the crust that forms on inactive
piles. Airborne radioactive particulates have been
collected in the vicinity of a gypsum pile over a 46
month period. Upwind and downwind radionuclide
concentrations are shown in Table 8 (U.S. Environ-
mental Protection Agency, 1987). However, not all of
this radioactivity was thought to be due to the pile;
most may be due to dust from the ground. The
.annual particulate escape ratc was estimated for a
typical pile by means of a fugitive dust emissions
model (US. Environmental Protection Agency,
1987). These estimates are shown in Table 9 and

Tabie 9. Estimated emissions in particulates
released from a typical gypsum pile due to
vehicular traffic

Emission rate

Radionuclide (MBq/y)
U-238 23
U-234 24
Th-232 3
Ra-226 23
Rn-222 23
Pb-214 23
Bi-214 23
Pb-210 26
Pb-210 20

*A generic pile of 31 ha.
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represent particulates that are 30 u or less in dust
escaping from the pile due to 4000 km of traffic
movement per year. Most of the risk due to inhaling
these particulates will be due to the radium emissions
of 23 MBq/y.

Release 1o ground and surface waters

The radium in gypsum piles is most likely in the
form of radium sulfate, an extremely insoluble com-
pound. Therefore, it might be expected that
significant amounts of radium would not leach from
the pile into ground and surface waters. Strain has
measured the radium and radon concentrations in
ground and surface water near a phosphate mining
and manufacturing facility in North Carolina, finding
some evidence of release of radium to these waters
(Strain, 1979). Most well water samples in the area
around the facility had radium concentrations of less
than 0.07 Bg/l; radon concentrations were typically
less than 20 Bq/}. Significantly higher concentrations
of radium and radon, as much as 6 Bq/l and 700 Bq/1,
respectively, were observed in four wells. Concentra-
tions of radium in river water downstream of the
plant were twice as high (0.1 Bq/l) as in water up-
stream of the plant (0.05 Bqy/l).

In the Netherlands, 2 Tgfy of phosphogypsum is
disposed of into the Rhine River. Koster has noted
this has led to an increase of uranium-238 chain
radionuclides along the Dutch coast off Rotterdam,
decreasing in a northern direction into the German
bight (Koster er al., 1985).

Releases due to use as building materials

Gypsum is used in building when it is processed
into wallboard for use as an inner wall construction
material. Natural gypsum low in radium is normally
used for this purpose, but the potential for using
by-product gypsum has lead to investigations of the
radon escape rate from this material. Mustonen has
measured rates of radon emission from by-product
gypsum building material with different thicknesses
and radium concentrations. Values are given in Table
10 for Finnish material (Mustonen, 1984). As exam-
ple, for a 10-cm thick slab of gypsum with a radium
concentration of about 0.5Bg/g, the escape rate
measured was 20 Bq/m?/h. The rate of escape of
radon from gypsum is considerably less than that
from concrete slabs of the same thickness, about a
factor of five. But due to a lower radium content in

Table 10. Radon released from gypsum slabs

Gypsum slab Radium Rate of
thickness concentration radon release
(cm) (Bqkg~") (Bqm~’h~')
6.7 320 14
20 480 42
15 480 3
10 480 20
1.5 480 19
5.0 480 0
2.5 480 4.7

Finnish concrete, the overali radon escape rate from
concrete is about a factor of two lower than for
by-product gypsum.

Releases due to use as soil conditioners

The large amounts of phosphogypsum available
have motivated searches to find useful applications,
or at least cheaper disposal methods. As a part of this
effort, phosphogypsum has been mixed with soil to
determine effects of land disposal on crop growth and
uptake of cadmium and radium. In one experiment
by Mays, soil was planted sequentially with comn,
wheat, and soybeans, over a 1-5 year period (Mays
and Mortuedt, 1986). The result suggested that phos-
phogypsum may be applied to agricultural soils at
relatively high disposal rates without increasing levels
of cadmium or radioactivity in corn, wheat, or soy-
bean grain. Lindekem considered a hypothetical case
of heavy long-term applications of phosphogypsum
to soil used for growing food crops (Lindeden, 1980).
This was assumed to be an initial gypsum application
of 25 tons per hectare followed by alternate year
applications of 13 tons per hectare where the radium
concentration of the gypsum is 0.6 Bq/g and the till
depth is 15cm. Radium. build-up in the soil wouid
reach 0.2 Bq/g after about 100 years. An agricultural
worker would receive 150 uSv/y by spending 40 h a
week in such 2 field, while radium uptake by food

crops planted in this hypothetical soil were estimated

to result in a SO-year integrated dose to the bone
surface of 14 mSv, based on the conservative assump-
tion that an adult’s total vegetable diet comes from
this source.

SUMMARY

The mining, processing, and use of fertilizers con-
taining phosphate in massive quantities has lead to
the redistribution throughout the environment of
large amounts of uranium, radium and radium decay
products. The resulting potential radiological impacts
are due to direct exposure, surface run-off, inhala-
tion, and ingestion of foods grown with fertilizers.
Gypsum, a by-product of the production of phos-
phate fertilizers, contains much of the radium origi-
nally in the phosphate rock. The resuiting waste
gypsum piles are a source of radon emission to the
environment. There may be additional radiological
impact if this waste is used in building materials or
as a soil conditioning agent.
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decreased with increasing distance from the creek. The highest level of total
thorium measured in a sample was 555 pCi/g, with a number of other samples
exceeding 200 pCi/g. Many of the highest levels were detected in areas near
the storm sewer outfall, and hence constitute a potential source of continuing
contamination for locations further downstream. The baseline soil in this area

contains an average of 1.6 pCi/g of naturally occuring thorium.

Direct levels of radiation measured at 1, 5, 10, and 25 meters from the
edge of the creek and | meter above ground surface averaged 28, 25, 21, and
14 uR/h (microroentgens per hour) respectively. However, radiation levels
greater than 100 uR/h were detected in several locations. Normal background

radiation levels in this area averaged 8.6 uR/h.

The contamination levels found along the creek exceed the environmental
standards promulgated by EPA under the authority of the Atomic Energy Act of
1954, as amended, for thorium processing wastes. The NRC is charged with
implementation and enforcement of these standards. The contamination levels
also exceed the identical standards established for cleanup of wvicinity
properties under Title I of the Uranium Mill Tailings Radiation Control Act of
1978, as amended. The EPA has stated that these standards are appropriate for
cleanup of offsite vicinity properties. Therefore, cleanup of the radioactive

contamination in the environment is required.

Accordingly, NRC intends to require Kerr-McGee to submit an action plan
for cleanup of the contaminated areas. The plan will be subject to review and
approval by the NRC staff. - The action plan should establish the methods,

scope, and timing of cleanup activities.
Copies of this report will be sent to property owners along Kress Creek.

Copies of this report are also available at no charge to members of the

public at the West Chicago Public Library.
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cleanup costs, and health benefits. For B3 and B4, which include o
range over which remedial action is optional, the cost estimates were
derived by assuming & value within the range which would typically be
achieved and costing controls to reach this level. For B3, we assumed
that at least 0.015 WL (including background) would be achieved. For
B4, we assumed that at least 0.03 WL would be achieved.

The extent of contamination of buildings as well as the cleanup
costs will not be known in detail until the cleanup program is well
underway. Therefore, we used the Grand Junction remedial action
program as the basis for our estimates. Appendix B contains a summary
of the Grand Junction experience and the cost calculations which
support the estimates in Table 7-1.

The cost estimates for each alternative standard are determined by
the pumber of buildings requiring remedial work and the cost per
building. As the remedial action criterion is lowered, more buildings
will need to be cleaned up, increasing costs. A lower criterion also
increases the cleanup costs per building since this requires more
complete tailings removal. In many cases, successive actions are
needed when the first remedial action does not meet the cleanup
criterion. Using active measures to meet a cleanup criterion when the
level is only slightly exceeded is much cheaper than tailings removal,
roughly one-tenth as costly.

The benefit of cleaning up contaminated buildings is "expresed by
the number of lung cancer deaths avoided. This is estimated by
assuming the risk factors discussed in Chapter 4 are appropriate, an
initial distribution of decay product levels in contaminated buildings
identical to that for the buildings monitored in Grand Junction, a
SO0-year average useful life remaining for the stock of contaminated
buildings, and & 3-person household size. Alsc, benefits of cleanup
are expressed by the maximum residual risks to people living in the
buildings. This risk to an individual is calculated assuming lifetime
exposure to radon decay products at the highest level each alternative
standard allows.

7.2 Alternative Cleanup Standards for Near-site Contaminated Land

We have analyzed four altermative cleanup standards for near-site
(on the site or adjacent to the site) contaminated lands. All have
requirements that limit the amount of radium contamination because the
presence of radium is a reasonable index of the health hazard,
including that due to toxic chemicals as well as other radionuclides.

Alternative L1 approaches a high-cost nondegradation alternative;
below this proposed radium limit it is usually not possible, using
conventional survey equipment, to accurately distinguish between
contaminated land and land with high naturally-occuring levels of
radium. Alternatives L2 and L3 approximate optimized cost-benefit
standards, but L2 demands a more rigorous cleanup of the soil
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surface. Standard L4 is a least-cost alternative that allows high
radiation levels that are close to Federal Guidance recommendations for
exposure of individuals to all sources of radiation excepting natural
background and medical uses.

The four alternative standards are:

Standard Ll. (The standard proposed in April 1980). Land should
be cleaned up to levels not exceeding an average 5 pCi/g of
radium-226 in any 5-cm layer within 1 foot of the surface and in
any l5-cm layer below 1 foot of the surface.

Standard L2. Land should be cleaned up to levels not exceeding an
average of 5 pCi/g in the 15-cm surface layer of soil, and an
average of 15 pCi/g over any 1l5-cm depth for buried contaminated
materials.

Standard L3. Land should be cleaned up to levels not exceeding an
average of 15 pCi/g in any 15-cm depth of soil.

Standard L4. Land should be cleaned up to levels not exceeding an
average of 30 pCi/g in any 15-cm depth of soil.

In Table 7-2 we list the estimates of the costs and benefits of
each alternative standard for hear—-site contamination around inactive
tailing piles. In each standard, the only remedial method for which we
estimated cost was the removal and disposal of contaminated soil, since
this is generally less costly than placing earth cover and vegetation
over contaminated areas and excluding access by fencing. The benefits
are expressed by (1) the number of acres of land that are cleaned up
and returned to productive use, and (2) the typical maximum residual
risk to individuals living in houses that might then be built on this
land.

The number of acres requiring cleanup under each option was based
upon the results of the EPA gamma radiation survey of twenty inactive
mill sites (Table 3-4). By assuming a typical depth profile of the
radium contamination, it is possible to relate the gamma radiation
levels measured by the survey to the areas of land contaminated above a
specific concentration level of radium. .If the top 15-cm layer of
earth is uniformly contaminated with 30 pCi/g of radium, the gamma
field at the surface would be 63 percent of the gamma flux from an
infinitely thick layer, or 34 microroentgens/hr (He?78). However, if
the 30-pCi/g average in the top 15 cm of earth is due to a thin surface
layer of nearly pure tailings of a few hundred pCi/g, the resulting
gamna radiation at the surface would be about 54 microroentgens/hr.
Since we expect windblown contamination profiles to be somewhere in
between these extremes, we estimate that, on the average, 44
microroentgens/hr above background (385 mrem/y) implies 30 pCi/g radium
contamination in the top 15 cm of soil (Standard L4). Similar anslyses
for Alternative Standards L1, L2, and L3 result in 3. 7 and
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TABLE-7-2. COSTS AND BENEFITS OF ALTERNATIVE CLEANUP STANDARDS FOR LAND
(in 1981 dollars)

Radium—-226 Number of
Soil Concentra- Acres Re- Total Cost Estimated
Alterna- tion Limit quiting(a) (millions of) Residual risk (®)

tive (pCi/g) Cleanup dollars) of Lung Cancer
Ll 5 2700 21 2 in 100
L2 5to 15 1900 14 2 in 100
L3 15 900 7 6 in 100
L4 30 250 2 10 in 100

(8) Areas of land near inactive tailings piles that have radium contamination
in excess of the soil concentration limit. '

(b)The lifetime risk of lung cancer to the individual living in a house
built on land contaminated to the limits allowed by the alternative stan-

dards. This is based on the relative-risk model; use of the absolute-risk
model gives risks which are about a factor of two lower.
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22 microroentgens/hr, respectively (or 26, 61, and 193 mrem/y,
respectively). Additional deeper contamination would yield only
slightly higher gamma values because of shielding by the surface
layer.

Using these correlations between radium contamination levels and
gamma radiation levels, the areas requiring cleanup under each standard
were estimated based on the EPA survey data. The total costs of
cleanup were then calculated assuming a cleanup cost of $7650 (1981
dollars) per acre. This cost was estimated from EPA field experience
(a cleanup program at the Shiprock mill site) and is in agreement with
cost estimates of DOE contractors. Areas of heaviest contamination,
such as the ore storage area and mill buildings, are excluded from this
analysis since we have included them in the analysis of disposal costs
for the piles.

The highest risk to people living in houses built upon contami-
nated land is due to the inhalation of radon decay products from radon
that seeps into the house. In the worst case, Standards Ll and L2
would allow thick-surface earth layers with 5 pCi/g contaminationm,
while Standards L3 and L4 would allow thick layers of contaminated soil
at 15 pCi/g and 30 pCi/g, respectively. On the average, houses built
on such 5 pCi/g earth would be expected to have indoor radon decay
product levels of about 0.02 WL. Houses with poorer-than-average .
ventilation would have higher levels, while well-ventilated houses
would have lower levels. Houses built on land more heavily
contaminated than 5 pCi/g would have higher average indoor decay
product levels in proportiom to the contamination. The estimated risks
due to lifetime exposure from these levels are listed in Table 7-2.
These are maximum estimates since most contaminated land away from the
immediate mill sites (where houses might be built) has only thin layers
(a few tens of centimeters) of contaminated material.

The gamma radiation levels to individuals permitted under the four
alternative standards are B0 mrem/yr for L1 and L2, 240 mrem/yr for L3,
and 470 mrem/yr for L4. This assumes a thick layer of contaminated
material over a large area at the maximum permitted levels of radium
concentrations. These doses would lead to increased risk of many kinds
of cancer, but this increase would be small compared to the lumg cancer
risks due to radon decay products. .

7.3 Alternative Cleanup Standards for Offsite Properties

Tailings on offsite properties which are not associated with
building construction are usually there because someone transported
them from a tsilings pile. Examples of this kind of misuse are
tailings used as fill around fence posts and sewer lines, as the basis
for sidewalks and driveways, and as conditioners for soil in gardens.
Most tailings misused in this way are still comcentrated; they are not
diluted by large quantities of earth or spread thinly over large areas.

~
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The major hazard stems from the chance that indoor radon levels
will be high in new buildings constructed on contaminated offsite
properties. There could also be a significant gamma radistion hazard
if people spend & lot of time close to the tailings.

We expect that offsite properties where tailings were misused will
typically exceed all the radium concentration limits specified for land
contamination in Alternative Standards L1 through L4. Therefore,
virtually all of the 6500 contaminated sites identified in Chapter 3
would require cleanup under any standard. Based on engineering
assessments and similar cleanup work near a mill site in Edgemont,
South Dakota, we estimate it would cost $6,000 to clean up each of
these properties. This implies a total cleanup cost of $39 million.
However, many of these sites are unlikely to cause a significant
present or future hazard, either because of their location or because
the quantity of tailings involved is so small. Cleaning up such sites
implies high cost without significant benefits.

It is consistent and simple to use the same numerical cleanup
criteria for offsite contamination of properties as for near-site land
contamination. Since some offsite contaminated properties present a
minimal hazard and would cost a great deal to clean up to any
reasonable radium concentration criterion, additional criteria are
considered in one of the following alternative standards for
contaminated offsite properties:

Standard Pl: Offsite proFerties should be cleaned up to the same
levels as near-site land, 1) with no exceptions.

Standard P2: Offsite properties should be cleaned up to the same
levels as near-site land, with the following exceptions:

a. When contamination levels averaged over 100 m? are less
than the action levels required for near-site lands.

b. When the hazard from the tailings is judged to be in-
significant because of location.

Small amounts of tailings will be eliminated from consideration if
levels are averaged over an appropriate area. For Standard P2 we have
selected 100 m? as a reasonable area for this purpose since this is
the typical area of the foundation of a house. Thus, risk levels
allowed under Standard P2 should be no higher than the risks allowed
under the corresponding near-site land cleanup standard. Additional
sites will be eliminated under Standard P2 because of their location.

(1) Alternative Standards Ll, L2, L3, or L&; whicheqer is selected as
a land cleanup standard.
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From Figure 5-1 we can determine how much radon emission would be
-educed by adding one meter of earth. If the only benefit of thicker
overs were to reduce radon emissions, we would find the
cost-effectiveness of each additional meter of earth to be considerably
less than that of the first meter. But thick covers have additional
benefits: they last longer than thinner covers and are barriers

. against intrusion. Therefore, the net benefits of reducing radon
emissions cannot be isolated.

The disposal cost analysis in Chapter 6 applies only under the
stated assumptions. If local earth near a pile is very sandy, or if o
suitable earthen materials are not available nearby, then satisfying
the Proposed Standard and Alternative A, which have the strictest radon
emission control level, could require several additional meters of
cover. Conversely, if earthen materials are more easily available or
of higher quality (i.e., clays) than is assumed, the costs will be
lower. Because of the lack of full-scale disposal experience, however,
there is a greater risk of the cover requirements for the Proposed
Standard and Alternative A being significantly underestimated than for
Alternatives B through E.

NRC (NRC80) has evaluated the potential environmental impacts of
obtaining cover materials in regions where uranium is mined. As a
rule, the environmental impacts will be greatest for the Proposed
Standard and Alternative A, less for Alternative B, and least for
Alternatives C through E. Even under relatively unfavorable
conditions, however, the effects are largely temporary; the
longest-lasting effects are changes of topography at borrow sites for
the cover material. This issue is highly site-specific, however, and
definitive information on the envirommental effects of obtaining cover
materials at the 24 inactive sites is not yet available. We expect
such effects will be small overall, but the Proposed Standard and
\lternative A are the most likely to cause significant temporary
environmental disturbances.

Form of the Radon Standard

We have expressed the radon limit in terms of the release rate per
unit area from the tailings. However, a number of alternative criteria
could be used to control radon emissions from the piles:

a) dose rate limits for individuals or populations,
(mrem/y, person-rem/y, person-WLM/y),

b) radon concentration limits in air (pCi/1l),

c¢) total radon release rate limits (pCi/s), and

d) release rate limit per unit area (pCi/mjs).

Because short-term fluctuations are unimportant, we will consider all
of these as annual averages. Radon emissions from tailings to the air
cannot be separated from those from a cover or normal land, however.
Therefore, a standard using any of these criteria must apply to either -
the total radon release rate from the surface of a pile or to the radon
release rate from tailings with allowance being made for the radon
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(1) Radium concentration is directly related to the
hazard of most tailings. (Occasionally it is not
sufficient where other specific radioactive or toxic
elements in uranium ore processing residues have been

concentrated.) Quantities (2), (3), and (4) result
directly from the radium in tailings.

(2) Gamma radiation levels can be conveniently measured,
but they are related to only part of the hazard.
Tailings that are covered with a few feet of earth

¢ could satisfy a gamma radiation standard, yet be
hazardous to build upon because of radon emissions.

(3) Radon emission is usually the principal hazard from
uranium mill tailings. Radon release rates vary
greatly with changes in weather and soil moisture,
however. A standard based on the radon release rate
would require repeated measurements over varied
conditions to determine meaningful averages.

(4) The predicted radon decay product concentration is
related to the hazard, but estimates of the indoor
radon decay product concentrations are very
uncertain. Furthermore, either the radium
concentration or radon release rate from the land
must first be determined to make such estimates, so
(4) offers no advantage over (1) or (3).

8.3.2 Preferred Cleanup Standard for Land

We prefer Alternatives L2 and P2 as cleanup standards for near and
distant land, respectively. Specifically, land should be cleaned up to
levels not to exceed an average of 5 pCi/g of radium-226 in the first
- 15 cm surface layer of soil and an average of 15 pCi/g of radium-226 in
any layer of 15 cm depth at deeper levels. Offsite properties should

be cleaned up to these same action levels, with the following
exceptions:

a) when contamination levels averaged over 100 m? are
less than these action levels; or

b) when the hazard from the tailings is judged to be not
significant because of their location.

A5 pCi/g limit over the first 15 cm can be easily implemented
with relatively low cost gamma radiation survey methods. For tailings
below 15 cm, the concentration limit of 15 pCi/g is also easy to
implement. Alternative Ll would require more skill and training of
personnel, and greater use of expensive measuring techniques, but
cleanup would only be marginally more complete. Very thick deposits of
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material with up to 15 pCi/g of radium-226 generally would be hazardous
5> build on, but are unlikely to occur. A concentration of 15 pCi/g is
ikely to occur only in thin layers at the edges of more concentrated
deposits that would be cleaned up under a 15 pCi/g criterion. Under
most foreseeable circumstances, we believe the residual hazard would
»e acceptably low under Alternative L2.

Alternatives L3 and L4 do not take full advantage of practicable
cleanup. Several thousand acres next to disposal sites would require
land-use controls. The costs saved are small in relation to total
costs and do not warrant the higher risks that would remain.

We believe it is neither practical nor worthwhile to cleanup
contaminated areas to surface concentrations below 5 pCi/g.
ldentifying contaminated surface soils with radium concentrations less
than 5 pCi/g is difficult and expensive. Complex measurement
techniques are required. Increasingly large land areas would need to
be cleaned up. Doing this would provide very little gain in health
protection, because such slightly contaminated soils are usually thin
layers containing small amounts of tailings that pose insignificant
risks.

For offsite properties, the cleanup costs vary little with the
choice ‘of numerical cleanup standards because tailings typically have
been used with little mixing with other materials. If a standard based
on Alternative L2 for nearby land is rigidly applied, up to $39 million
may be spent in cleaning up these properties. However, many of these
contaminated offsite properties present little existing or potential
hazard because of the small amount of tailings involved, or because of
their location. 1In Chapter 7 we considered applying the land cleanup
standard for offsite locations only when appropriate threshold
conditions are exceeded. This was projected to save $24 million

without sacrificing protection of people. We therefore selected this
alternative.

Radiation Hazards not Associated with Radium-226

Radium-226 concentrations in the residual tailings may not
adequately measure the radiation hazard in all cases. The possibility
that this could happen at one or more inactive processing sites cannot
be ruled out, but we do not know of a site where this has happened.
Should such circumstances occur, our supplemental standards (see below)
wvill require the implementing agencies to reduce residual radiocactivity
to levels that are as low as may reasonably be achieved.

8.4 Supplemental Standards

In view of the varied conditions and our limited remedial action
experience with tailings, these standards must be flexible. We believe
our standards are the most protective that can justified for general
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Ahstract

In 1983 EPA promulgated standards for cleanup of uranium and
thorium mill tailings at 40 CFR 192. These standards address a
specific example of the cleanup of radium contamination. They
'~ have been used for the cleanup of radium-contaminated soils at
other sites, primarily because they are the only related
standards that exist. Howaver, EPA advised caution at the time
these standards were issued: "It ghould be noted that these
standards in no way are intended to establish precedents for
other situations or regulations involving similar environmental
objectives, but with different aconomic and/or technological
circumstances." (EPA 83) This paper assesses the suitability of
these standards for use in the cleanup of contaminated soil at
sites other than uranium or thorium mill tailings sites.

Id

The 40 CFR 192 Cleanup Standards

The 40 CFR 192 rules specify two types of standards. The
first addresses the disposal of uranium and thorium mill
tailings, and are not discussed in this paper. The second
addresses cleanup, and are the subject of this paper. Thay
.nclude limits for indocor radon concentrations and indoor gamma
exposure rates for cleanup of buildings, as well as limits on
radium concentrations in soil for cleanup of land. The former,
those for indoor radon and gamma exposure, are health-based
standards; while the latter, radium concentraticns in soil, are
technology-based standards, kayed to the sensitivity of radiation
monitoring systems. For uranium tailings, the increased indoor
radon concentrations and indoor gamma exposure rates were caused
by placing tailings around buildings and houses. Radon is a
decay product of radium and, since it is an inert gas, can movae
through soil and enter buildings above soil that is contaminated
with radium. It was assumed at the time the 40 CFR 192 standards
were promulgated that the indocor standards would be achieved by
removing such tailings and replacing them with clean soils.

The 40 CFR 192 standards for scil specify a concentration
lizit of 5 pCi/qg radium in the top 15 cm of soil and 15 pCi/g
radium in any 15 cm thickness below the top 15 cm. The limit for



the top layer was based on limiting external exposure rates to
persons who may spend time on the land. Its purpose is to
indicate when cleanup of thin surface layers of windblown
tailings is necessary to provide adequate public health
protaction. Although this criterion provides adegquate health
protaction for the situations it was developed to addrass, the
value was selected with the limitations of field measurenment
equipment in mind, and the transient nature of windblown
contamination situations. -

The 15 pCi/g soll concentration limit is a technology-based
standard. It is a practical msasurement criterion for use in
locating discrets quantities of tailings that were deposited or
placed in subsurface locations at mill sites. Thesa tailings
deposits are generally limited in area and volume, with little or
no mixing with adjacent soils, and have activitiss exceeding 100
pCi/g. Convenient measurement techniques for assaying radium
activity in boreholes can not readily achieve a sensitivity
better than 15 pCi/g in 15 cm layers. Since this is adequate for
locating the edge of subsurface deposits of uranium mill
tailings, it was selected as an appropriate standard for use at
the tailings sites. Cleaning up deposits of tailings using this
standard will leave at most only very small deposits that would
not produce sufficient radoen to cause a significant increase in
indoor levels in a structure built over then.

wmﬁwwmmwgu

In this paper it is assumed that the goal of land cleanup
around houses should be to meet the health protection standards
of 40 CFR Part 192. These require limiting the average indoor
radon concentration to 0.02 WL (4 pCi/l) including background,
and restricting the indoor gamma exposure rate to 20 microR per
hour above background at any loccation in a permanently occupiable
structure. The technical objective, therefore, is to achieve
those conditions in the soil around present (and potential)
occupiable structures that will satisfy these indoor

requirements.

The characteristics of the soil, the pressure differential
between indoor air and the atmosphere, and the air exchange rate
of the building itself are major factors that determine the
buildup of indoor radon. For this paper, a model called RAETRAN
(Ro 89) was used to examine the ralationship betwaen radium
concentrations in soil and indoor radon concentrations in a house
constructed over land contaminated with radium. In the RAETRAN
estimates, the soil characteristics ware varied, as were the
radium concentrations in soil. The pressure differential and air
exchange rates were held constant at values representing a new
house constructed to meet current energy conservation guidelines.

RAETRAN predicts the movement of radon in socil by both
diffusion and advection. Radon moves through scils along the path

e



ANDREWS OFFICE PRODUCTS CAPITOL HEIGHTS, MD (K)




HAZARDOL'S
SITE CONTROL
DIVISION

Remedial
Planning

Field

Investigation

Team
(REM/ FIT)

ZONE 11

CONTRACT NO.
68-01-6692

CHoMaaHILL

Ecologv&
Environmen:

REMEDIAL INVESTIGATION
REPORT

Kerr-McGee Radiation Sites
West Chicago, Illinois

WA No. 82-5L94.0

September 29, 1986




o Residuals containing 92 pCi/g of Th-232 covering
an area of about 20 square feet to a depth of
4 inches (10 cm) produce an exposure rate of about
20 microR/hour at 3 feet (1 m) above the surface.
The gross reading in this situation would be about
30 microR/hour (e.g., 20 + 10 background).

o The gamma exposure rate for a 4 inch thick plane
source of infinite lateral extent, with a concen-
tration of 15 pCi/g is about 30 microR/hour, or a
gross (including background) measurement of 40
microR/hour.

o The exposure rate from a deposit of thorium resi-
duals with a Th-232 concentration of 60 pCi/g
covering an area of 50 square feet to a depth of
4 inches would be about 30 microR/hour.

Based on these observations and the assessment in Appendix F,
it is concluded that the soil sample results reported by
Kerr-McGee are not specifically incompatible with the report
by Kerr-McGee (Denny, 1986) and that mitigations were per-
formed according to the specified exposure rate cleanup cri-
teria (maximum of 30 microR/hour, gross measurement). The
soil sample results reported by Kerr-McGee (e.g., up to

92 pCi/g of Th-232) are not inéompatible with the hypothesis
that mitigations met the criteria of 15 pCi/g of Th-232,
averaged over a 6 inches (15 cm) depth and 1000 square feet
(100 m2) area (EPA, 1983). However, the sample results indi-
cate residuals were left at some locations, and application
of mitigation to as-low-as-reasonably-achievable (ALARA) may
not have always been performed. Furthermore, it is noted
that the soil sampling results would have been more useful
if they had been collected in accord with the EPA depth and
area criteria.
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of early Auqust about 7,000 cubic yards of contaminated
material remained at the STP.

Residuals from the REF have also been identified at 117
additional sites throughout the West Chicago area. These
sites lie primarily east of the REF. Kerr-McGee had removed
known residuals from nearly all of these sites within the
City of West Chicago by 1985. Surveys of the contaminated
sites outside the City limits have been made, but these con-

taminated sites have not been remediated.

DATA ASSESSMENT AND CONCLUSIONS

There are several routes of potential risks to the environ-
ment and public health; including direct external radiation

xposure; inhalation exposure; and ingestion of contaminated
soils, groundwater, and surface water. The contaminated
media at the subject sites are wastes from the REF mixed
with soils on the subject sites.

The hazardous characteristics of the thorium residuals are
primarily due to the radioactive constituents. The poten-
tial for release of heavy metals to the groundwater appears
to be minimal, based on the RI activities and assessments.
Specifically, validation tests using the EP Toxicity Test
to determine the leachability of hazardous substances indi-
cate a low potential for significant groundwater pollution.

The primary radionuclides present are thorium-232 and urani-
um-238 and their associated decay products. The principal
potential risks to man include external gamma radiation ex-
posure, and radiation exposure from inhalation of airborne
decay products of thoron (Rn-220) and radon (Rn-222). The
REF wastes, which are the original source of the contamina-
tion, contain nominal concentrations of Th-232 up to 4000



pCi/g with U-238 concentrations of about one-tenth the Th-232
values. The decay products of Th-232 and U-238 in the wastes
are generally in radioactive equilibrium.

HEALTH RISKS

Peak external gamma exposure rates in areas accessible to
the public at STP range up to over 1000 microR/hour. This
area is isolated, but open to limited access. Most areas at
RKP outside of the fenced area, where there is common public
access, are around 30 microR/hour or less. The average con-
centrations of Th-232, U-238, and the associated decay pro-
ducts are about an order of magnitude less than the indi-
cated values for the original source material (REF wastes).
Within the fenced area, which is not guarded, peak exposure
rates exceed 1000 microR/hour.

The public health impacts imposed by the thorium residuals
at RKP, STP, and off-site Properties are principally related
to their potential and actual radiation exposure of people
on and near the sites. The potential health risks resulting
from these impacts are the possibility of human cancers and
genetic anomalies associated with ionizing radiation. The
present impacts upon groundwater appear to be negligible.

The risks for cancer incidence for this assessment are given
as excess fatal cancers. The risk for total cancer incidence
(fatal plus nonfatal) would be somewhat larger. The risks

are excess risks due to the designated situation. Thus, the
risk for an individual is the suﬁ'of the normal incidence of
cancer including the risk from exposure to natural background
radiation, the additional risk due to radiation exposures from
the thorium residuals, and the risks to any other special
causes of cancer the person is exposed to. All of these
causes of cancer have statistical variability or uncertainty.
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Although the Church Rock tailings-dam failure occurred
spontaneously, natural events could also precipitate such a failure:
most notably severe flooding or an earthquake. In Chapter 8, the
probabilities of such events are discussed, along with engineering and
site selection options for minimizing these probabilities. Also
discussed in Chapter 8 are the impacts of events such as tornadoes and
glaciation on the effectivness of contaminant controls.

3.3.2 Misuse of Tailings Sands

In the recent past, uranium mill tailings have been used
extensively as a building material, chiefly as fill around and under
foundations and concrete slabs. The tailings sands have ideal physical
characteristics for this purpose. However, such use typically results
in building occupants being exposed to high levels of radon decay
products and thereby incurring a significant lifetime risk of lung
cancer. In Grand Junction, Colorado, over 700 buildings have been
identified as contaminated and requiring remedial action. In other
mill towns, it is estimated that more than 350 buildings are
contaminated. In addition to buildings, many thousands of other
locations have been identified (e.g., sidewalks, lawns, gardeans,
driveways) in mill towns where tailings have been used. These
buildings and locations were contaminated by tailings from inactive
mills. We have not assessed the extent of existing misuse near active
mills.

3.4 Environmental Releases from Heap-Leaching Operations

The principal solid waste from heap leaching is the barren material
remaining after uranium recovery. Airborne emissions from
heap-leaching operations include particulates suspended by wind erosion
of the pile and radon gas. The particulates will contain toxic
elements and radionuclides in proportion to the ore concentrations.
The amount of radon and particulates given off will be proportional to
the size of the operation. These have been calculated for the
heap-leaching cell covering about 0.5 acre in area described in Chapter 2.

Particulate emissions from the dry portion of a heap-leaching cell
are estimated to be about 1 MT annually., The radon emanation rate from
this operation is calculated to be 25 Ci/y (NRC78). This is less than
one-half as much as a tailings pile per unit acre.

Releases of contaminants to groundwater could result from the
seepage of leachate containing elevated concentrations of radionuclides
and toxic elements. This, however, would not normally pose a problem
during operations since an efficient heap~leaching operation requires
an impermeable pad and all leachate is collected for processing. After
termination of operations, normal rainfall could lead to some leaching
from the piles, but we expect this to be no greater threat than
leaching from an unstabilized conventional tailings pile.
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A general expression for the thoron (or radon) source term (Ro8l)
is

Q=Rop EX
where

R = radium-224 content (pCi/g)
op = bulk density (g/m3)

E = emanating power

A = decay constant for thoron

Since the same equation holds for radon ( )= 2.lx10‘6/sec), the

thoron ( 5 =1.25x10-2/sec) production rate will be in the same ratio

as the decay constants or nearly 6,000 times larger, for the same
radium density, than that for radon. The higher thoron production rate
is, however, offset by its shorter half-life since, once the thoron has
decayed, it no longer migrates freely through the tailings or cover
material. For example, the thoron flux at the surface of a bare
tailings pile containing 280 pCi/g of radium-224 is about 21,600 pCi/
m2g rather than the 280 pCi/m?s of radon for the same radium-226
density. The analytical techniques described in Section 8.3.1 may also
be used to determine the thickness of an earthen cover required to
attenuate the thoron flux. Based on the nominal thoron flux value
given above, some typical thoron reduction thicknesses are shown in
Table G-1.

Table G-1. Estimated Cover Thickness (in meters)

to Reduce Thoron Emissions to 20 pCi/mZs
Thoron Emission

from Tailings Percent Moisture Content of Cover

(pCi/m?s) 6 8 10 12

10,000 0.0826 0.0637  0.0491 0.0379
20,000 .0918 .0708 .0546 .0421
30,000 .0972 .0750 .0578 L0446
40,000 .1010 .0779 .0601 .0463

The epidemiology and dosimetry of thoron and its decay products
have recently been reviewed by the International Commission on
Radiological Protection (ICRP81). They concluded that, because of the
short half-life of thoron and its first decay product, the radiation
hazard from the short lived progeny of thoron is normally well
represented by the potential alpha energy exposure of lead-212 and
bismuth-212. Based on this conclusion, the effective dose equivalent
for the thoron decay products is about one-third that of the short-lived
radon decay products.
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Thoron in the Environment

§. D. Schery
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Thoren {E*Rn), an 800pe of the racon lamity, Is PTEENOST in e
earih’s Crust st a rate COMparabie 10 tha! of Commen ragon (2Rn).
Theren's average sCiivity CORcentralien in soli gas Sn0 grewnd-love!
ouinise air is comperabie 10 that ot ragon. Reoam sas rem Evwrepe
ant the Unked Sitswes INKICate thet! in tarme ¢f e energy of the
sipha pericie gecays o thoren’'s propgeny, iis concentratien In
nsesr air s signiticant, typically abewt hal’ the! Gue W rasen
progeny. This paper reviews CurTent knowietgs sbeut theren snd ks
propgony In the SUIGOOr ant INESS! oNVIFOMents ant GISCuNses
Issuee veived in asssening wwhether or ROt i is & Signihcant INCoer
polnstant.

In environmental science the term radon is usually taken to
refer to the specific isotope 22Rn of the radon isotope family.
Airborne 22Rn has been receiving & iot of atiention as &
poliutant, particulariy at the eievated leveis that can be
found in the indoor air of some housing. Another member of
the radop isotope family, P°Rn, commonly ealied thoron, is
produced in the sarth’s crust at rates comparabie to that of
radon. Jts chemical properties are the same as that of 2%Ra,
and it also can migrate 1o the sarth’s atmosphere where it is
found ir abundance near the ground. Thoron is an alpha
particle emitier as is radon. Why have we not heard more
about it a5 an imporiant agent in the atmospheric environ-
ment and as a possible poliutant? Shouid we hear more? To
address these guestions. we first review some basic scientific
iniormation about this imporiant radionuclide produced in
the earth’s crust.

Ditiusion of Thoron to the Atmosphere

1n coliaboration with Ernest Rutherford. thoron was dis-
covered in 1899 by R. B.Owens at McGill University. At this
early stage in the study of radiocactivity (the existence of the
nucleus in the atom had not ver been established) the gas

i

' implications

Fresen: evidence indicales the eguivaient radiauion
cose from ihoron and it= progeny is abow: 1( w 20
percenl of thal tue W ranon and i progeny it ihe
INGOOr environipenl. Assuming current esumales ior
the health effects of radon are valic. this sugpesis
thoron is potentialiv & significant ingoor polinan:.
although cieariv ies: imporian: tnan rsdon. Uncer.
tamties are still large in the dose esumates for tnoron
progeny. the distribution of thoron among U.E. hous.
ng. anc the mode of entry of thoronh 1N INOOOT Air-
spact. More research ir neegec 10 LImprove our evaiue-
uon of thoron ar an indoor puliulant anc w eswablish
corrective measures snould thoron be a significani poi-
luan:.

was gescribed as thorium emanation since about all that was
ciear war thal it was radioactive gas emitied from thornum-
bearing minerals. In {act. thoron does nol come directly from
thorium but from the radium isolope 4Ry, a decay produc
in the thorium (¥2Th) series. Thoron’s half-life is 56 s, and
upon Gecay it emits s single alphs particie of energy €.3
MeV. In comperison. 2R has & half-life of 3.3 X 10°s (3.6
davs) and emits 8 55 MeV energy aipha particie. There are
additional radioactive isolopes afier thoron in the thorium
decav series which terminstes in the stable isotope 2*Pb (see
Figure 1).

The origin of the thoron in the stmosphere is almost en-
tirely from diffusion from the top few centimeters of soil
where thoron is produced as s decay product from the trace
amounis of Z=°Th pervasive in almost all soils and rocks. The
combination of small thoriurn conten: of ses water, and
short migration distance of thoron in water, make the contri-
bution from the oceans negligible. 11 has sometimes been
proposed that direct relesse from plants, for exampie by
transpiration, is an important mechanism for release of tho-
ror o the atmospbere.! D1, Swewart Whittiestone of the
Australian Nuciear Science and Technology Organization
and 1 recentlv testad this assumption in an extensive survey
of fix from Australian soils® (see Figure 2). We found no
evidence of a significant effect. 1n {acl. incressed vegetation
1ended to correlate with slightly reduced release of thoron 10
the atmosphere, perhape due o & modest blocking efiect of
the suriace iaver of moist, organic materials of low radioac-
tivity content.

Although deeper lavers of soil also produce thoron, the
thoron is unable to diffuse to the suriace before experiencing
decay 1o non-volatile decay products which readiiy atiach to
soil particies. Not all thoron that is produced in the wop few
centimeters of 80il escapes o the atmosphere. In order w
diffuse 10 the atmosphere. thoron mum first be released 10
the pore space of the soil. 1t is only when the parent, 24Ra. is
close enough 10 the suriace of a grain that thoron atoms can
recoil into the air of the pore space where they are free w
diffuse: thoron stoms whose recoil paths terminate in a graip
almos: always will be trapped in place and unabie 1o migrate
befare decay. The fraction of atoms reaching the pore space
is calied the emanating fraction. and surprisingly. it is typi-
cally about a third.” This is much more than would be ex-
peciec if the parent rsdium were uniformiv distwributed
throughout the interior of spberical grains since & typical
recoil range for thoron atoms in minerals is of the oraer of 3(!
namometers. Much of the trace amounts of thorium ip soil
and rock originates from precipitation from matrix water;
thus there is typically a preferenual deposit of thorium min-
erais on the suriace of so0ii grains. Surface irregularities of
nonspherical grains and moisture interaction with grain sur-
faces provide further {actors enhancing rejease of thoron w
the pore space.

In terms of the production rate of radon and thoron. the
sverage trace concentrauons of Z*Rs and *“Re in the soil
are comparable {produciny on the order of 25 stoms per
second per kilogram . The mechanisms jor ragorn reiease 1o
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the pore space are similar to those for thoron, so given re-

h-.nhouto.ozlhqm”r‘mnhml.‘lhqn”r‘ m
mmbuuunhe' : ! ARILX: I

h-mmhqmnﬁdfmhmmm&
s0il with-®
J, = (DN ap, o f (b))
where: J, is the atomic fiux density;
D, is the effective diffusion coefficient;
A is the radon or thoron decay constant;
ags s the activity concentration per unit mass of
the parent radium (Becquere! per unit mass);
¢ is the soil bulk density; and
/ is the emanating fraction (dimensioniess).
Variation of the density and diffusion coefficient among
(dry) soil types is generally modest. Furthermore. the flux
density depends only on the square root of the diffusion
coefficiant. Hence, it is plausible that varistion ip the ema-
nating fraction and radium concentration is particularly im-
portant for causing variation in flux Genaity from one site 10
the next, and there is some evidence that this is indeed true
far both radon and thoron.? This issue can be of imporiance
in anticipating what soil locations might be strong sources of
thoron flux w0 the atmosphere. Thus, identification aof soil
sitas possessing high concentration of 27Th, such as by anal-
yais of airborne radiometric data. mav not be sufficient to
ssablish high release of thoron. Geoiogical characierization
of soil should be useful for predicting thoron relssse but so
far there has been littie systematic study of this approsch.
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high sources of thoron.

The fact that the sverage atomic flux density for thoron »
much jes than for radon might asem 10 provide the answer
ww-'ndqmofvhvl-mumummtb
envirenmental acence to thovon: its velease to the atmo-
sphere is much smalier. However, the situation is subtie and
this anewer is misieading. For the indoor snvironment of
bhouses, where poliution from radon may be & concerr.. mech-
aniams different from the pure diffusion can be mmporiant
for entry of radon. Even in the outdoor environment, at
ground Jevel thoron is proportionally more important than
would be expected from flux considerations alone. With iws
Jongrer half-life, radon is mized in a much deeper laver of the
atmosphare resulting ip significant dilution. Ingerms of ge-

mnmwnw
nnmm%g_fgmmnumm

that of radon. For exampic, in the continental United Staves,
sversge activity concentrations for thorop might be of the
order of 15 Bqg m~° versus 5 Bq w3 for radon (1 Bq m~5 =
0.027 pCi/liter), although atmospheric conditions can cause
wide variation among these numbers.*

Thoren in indoor Alr

Direct messurement of thoron gas is difficult and the
number of indoor measurements is guite limitad, particular-
ly ip comperison with the data available for indoor radon.
About the best that can be said at this time is that average
concentrations on the ground floor in temperate climates of
the United States and Europe are likely to fall in the range of
5 to 30 Bq m™? Traditionally, it has bean assumed that the
only mechanissn by which significant thorop can emer
houses is by release from the internal surfaces of building
matarials such ss concrete or by direct input of outside air
through large openings such as windows.® It is now well
established that elevated jevels of radon in houses are pri-
marily due to flow transport from soil through cracks and
joints in piaces such as the basement,’ driven by pressure
gradients caused by convective currents from beating inside
& house and the influence of outdoor wind. Even in light of
experience with radon, pressure driven fiow transpor: was
not considered plausible for thoron since its half-life was felt
to be too short to permit time for entry from soil.

For s room with well-mixed air it is easy 10 quantify the
expected steadv-state indoor thoron concentration Cr, us-
ing:

EV"-PuC-,-,w
Cra Aty 2

where u is the ventilation rate, Crap is the outdoor thoron
concentration. F is the rate at which thoror is supplied to
the room. and V is the volume of the room.5* If the mecha-
nism supplying thoron is diffusive fiux from inside surfaces,
then:

E=JA 3)

where J is the diffusive activity fiux density (J = AJ,) from
the inside surfsces with ares A. Surprisingly, calculations
with Equations 3 and 2 had not been carried out exiensively
enougb 10 verify the plausibility of the general imnportance of
diffusive flux from inside suriaces. One difficulty is the hm-
ited availability of daa for J. a8 guantity which can vary
greatly depending on the building material. The thoron flux
can aiso be reduced by any coverings present such as paint,
sealant. or iapestries. since. Gue 10 thoron's shont half-life,
even 3 thin laver of material can be important.

In the mid-1980¢ work by our research group at New
Mezico Tech indicated tnat flow transport from soil might
aiso be an imporiant mechanism for entrv of thoron.** This
conclusion about the possibie imporiance of »0i) resulied
from careful analvsis of daie on indoor thoron anc radon

J. Air Waste Manage. AssoC.



that we bad obtained across the United States over the
previous five years. The evidence was indirect, but highly
wwwmﬂm%m;d
ta_have higher concentrgtions of thoron anc its L If
thoron were coming from a different source. wnal was the
sxpianation for this correlation given it had been established
that transport from soil was usualiv the most important
factor causing high indoor radon? Secondly, concentrations
of thoron and its progeny tended to be lower in upper stories
of buildings that were more isolated from the soil Thirdly,
for a bouse of typical regional construction on the campus of
New Mexico Tech subject to intense study, we were able o
show that the primary mode of entry of thoron was through
cracks in the foundation.!® Finally, theoretical analysis of
flow through representative small cracks and joints in foun-
dations indicated that flow times were often short enough w
enabie thoron to pass without significant decay.

PFigere 2. Or. Stowart WNithestons. of 1he AUSIFRIEN MiCieer

Soience and Tecnnoogy Orgamzation, MaKing MeasuremMens
of Sw rewase of tharon rom soll in New South Wales.

The exact extent to which flow transport of thoron from
soil is important over the range of housing and buildings is
not yet established. Calculations using Equation 3 indicate
that diffusion from building materiais is a fessible mecha-
nism to explain observed indoor levels for certain materiais
such as unpaeinted concrete. However, the basic proposition
of the likely importance of flow transpor: from soil through a
building’s foundation is much less controversial today than
it was just a few vears ago. Should direct entry from soil turn
out to be the major source of indoor thoron there are a
number of practical implications. Much of what has been
learned from experience with radon would apply to thoron.
For one thing, if mitigation is necessary, efforts should be
directed at entrv from soil not treatment of indoor surfaces.
Identification of locales with higher indoor thoron wouid
focus more on s0il properties and enwy paths rather than
materials used in construction. There would probably be a
greater tendency for locales with high indoor radon to corre-
late with locaies of high indoor thoron since some important
factors such as permeability of 30il and pressure gradients in
bouses would be common for both.

4
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Physical Preperiies of Thoven and s Pregeny

Further discussion of thoron as a possible indoor pouuta
nquuunbmfdmmwtbapnynnl properuss «
airborne radon is0topes and their progeny. An impora
hazard associated with girborne radon motopes comes s
from the inert gases themseives but from their radioactn
decay products. Even though non-voiatile metais. a lan
fraction of these isotopes remain suspended in the air (ofte
attached to serosol) where upon inhalation sowme of them ar
deposited in the lung. The primary heaith hazard is lun
cancer due to the denseiy ionizing aipha particie radiation
of these decay products that deposit on the bronchial epithe

lium of the lung. F the dosimetrv standpoint. the impor
mmmmmmmiet' n
decay producta. This quantity 1 given the acronyn{ PAEC
and has dimensions of energy per unit voiume of air

historical ressons aseociated with the mining industry, in the
United States the unwieldy unit of Working Level (WL) is
used far PAEC, aithough the proper intermational unit is
Joules per cubic meter (1IWL = 2.08 X 10~%J n")
v ibrium. a
m~? (7.5 pCi liter~*) waujd
m,m:hoimmnnho-
ron and radon progeny, the thoron progeny ;i°Pb bas the
longest half-life (3.8 X 10*s = 10.6 h) and there is a greater
oppormmtyiorumhelutfromnnmn-bydopounon

thoron concentration o!

0.91 Cp, + 0.09 Cy;
Cra

where Cpy. Cx, and Cr, are the activity concentrations for
217pp, 22B;, and 2°Rn. A value of 1(0) corresponds with
complets equilibrium (disequilibrium). Progeny can further
be ciassified as belonging to one of two broad catagories:
unattached to asrosol (free atoms and ciusters) and attached
t0 serosol (particies larger than about 10 nm). Given the
concentration of thoron inside a room, the physical process-
e controlling the disequilibrium of progeny and their physi-
cochemical {orm are the same as with radon progeny, soitis
possibie to make estimates with modeis®® based on physical
parameters obtained primarily from radon messurementa.
There has been some verification with thoron and progeny
messurements,'° so these modeis should at least be valid for
indicating generai trends. Figure 3 shows a representative
calculstion of disequilibrium for a constant rate of input of
thoron and a ventilation rate of 0.75 h~'. Campared with

similar radon nrogany_calculations, distincrive features in
d:ﬁe a high degree of g%mhm %_on‘ sotopes (s

nali eq TIUID 1actOr 1B range 0.002 o0 0.06 versus
about 0.02 to 0.5 for radon), and. due to its very short half-
life, the presence of 2!Po primarily in an unattached state.
Features similar to those observed with radon progeny are
that the other thoron progeny are primarily in the attached
state and that the equilibrium factor increases significantly
with increased asrosol concentration. Modsl caiculations
also indicate that higher ventilation will reduce PAEC for
both radon progeny and thoron progeny, buz.that due to its
mm—ﬁfuhomimlfwiu%iunvmtmmm‘-
latiop for common ranges of ventiation (if & « 0.683/T),; =
45h-1). 10 1ta 80O -life thoron may not be distrib-
uted uniformiy throughout a room, although the jonger lived
progeny should normally be about as well-mixed as are ra-
don and its progeny.

For thoron progeny, #2Pb is the most important isotope
controlling the PAEC. This isotope is relativeiyv sasy 10 mea-
mfammplebyeonmﬁmnlﬁlu;uchniqm-om
e oA ‘/4 )
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thoron progeny than for thoron nsell. Although the statmti-
eal base is still amall. it Dow seems ciear that from the
standpoint of PAEC, thoron progesty are s siguificant eon-
tributor 10 the indoor environment for housing in the United
States and Europe.®!! Tabie ] summarises some of the data
avaiishle compering the PAEC due 10 thoron progeny to
that due 10 radon progeny. An average vaiue for the ratio of
PAEC due 10 thoron to that due 1o radon might be about 50
peresnt. Furthermore, this ratioc remains significant over a
fairly wide range of conditions. Modeling sugpests that one
resson this ratio doss not fluctuate more widely is that some
of the important removal processes causing variation in
PAEC (such as ventilation and deposition on walis) com-
monly affect both radon and thoron progeny.

> Theven o Signiticant indoer Peliutant?

If the ratio of PAEC due 10 thoron to that due to radon is
as high and pervasive as suggested by Tabile 1, ahould thare
Dot typically be & bealth effect due to thoron significant in
relation to that identified for radon (whether small or
large)? Ope response relatss to the fact that public health
concerns with radon have so iar tended o focus on bouses
with elevated, Dot average, levels of radon. Altbough such
bhouses will typically also have incressed Jevels of thoron. the
amount of increase for thoron is usually not as great as that
for radon. In this class of bousing the PAEC ratio will thus be
typically less than 50 percent. For example, in one recent
study® data for PAEC due to thoron (PAECTn) and PAEC
due to radon (PAECRR) were fit well by & phenomenologiocal
relation which, in rounded numbers, is given by:

PAECT: = (PAECRo)™. (5)

ACTIVITY CONCENTRATION (B8q/m?)
2 3 %

%

SN EmEETiH
d.c’ !

AEROSOL CONCENTRATION (em™?)
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Equation 6 clearly shows a reduced, non-linesr increase in
PAEC due to thoron with PAEC due to radon. A sscond. and
more imporiant, response involves dmih ofthe dosimetry
of radon and thoron. 3"? an aipha

nificantly longer than the longest imporiant decay product
of radon, 3Pb, witk a half-life of 1.6 X 10° ¢ (27 min).
Radioisotopes depositad in the bronchial tree have a proba-
bility of removal by mucociliary clearance before they can
damage cells by decay, and due to its longer half-life, a larper
fraction of 217Ph gets removed. In addition, 2*Pb has a long-
or residence time ip air and more opportumity to attach o
aerosocls and form larger particies. Larger particies are lom

MM&&MWMJ
the respiratory tract and for this resson also 23P) delivers

gmfc.mr’mammmwm

The details of these dosimetry models are complicated
ndmdu:umchmbmnmnhebmmmmm
tm undu typzul nunntphenc conditions, due to
ﬁft.banffecnvenaneqmv-

percent
PAECundmdwmeﬁmhnhheﬁmofnbommw
20 percent for thoron relative 1o radon. Here we have proba-
bly the major reason at present that thoron is not considered
as important an indoor pallutant as is radon.
If attention is focused on dose to the
rnhnthnwthaemdmmhmmdcmmdx
tions at the high end of the exposure distribution. effects of
thoror are more significant using conventiona) dosimertric
analvsis. For exampie, in the United States it has been esti-
mated that there are up 1o 20,000 deaths per vear from lung
cancer due to radon.’ ¢ Applving the same underiving as-
sumptions and analvais to thoron, one could scale the dose
squivalence due 10 radop with the dose squivajlence due 10
thoron to project that there are up 1o 4000 deaths per vear
due to indoor thoron. This is not an insignificant risk being
comparable 10 other safety hazards of concern for the popu-
lation such as accidental deaths due to poisoning or firearms
nndmm:hmthnpmecumofthecﬁmduw

whet.hcmn.llmkspmdomnhrgepopuhuonwmu
umud:congemlsh:ghernskwamnllex more identifi-

There is much we do not know about thoron in the enviro-
ment. and new developments couid change the present situ-
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ation, either toward more or isss conoern. It is worth point-
ing out that there exists little direct evidence for overall
aaverse effects of low exposure w either radon or thoron (on
the order of less than 0.02 WL). For thoron progeny, there
exist no epidemiological data st all. even for higher concen-
trations. The apparent developing consensus in the United
States of the desirability of reducing further even low radon
sxposure is not without critics. The present guidelines for
manmum acceptable radon levels depend on analysis of
alpha particle radiation dose to the respiratory tract. and
linear extrapalation of epidemiological evidence of increased
jung cancer incidence at higber concentrations of PAEC due
10 radion progeny to these lower levels. Humans have evolved
on an earth that has aiways bad radon and thoron producta
in the air. Although in the minority, there are scientists who
bave studied this issue carefully who feel a threshoid exists
below which exposure to ionizing radiatiob posss no signifi-
cant riak.'” In fact, some scientists advance arguments why
exposure to sinall amounts of ionizing radistion sctually

carries a beneficial effect. mm%mby
wmmam-mwgnﬁn&

DOt 56010 A8 STTYONE &8 the T more
e T sad pamana) S AT SEimThalem
axias.!"48 Such hormetic effscts bave been found to be true of
& number of environmental agents from sunlight $o certain
trace metals in our diet.

Msanwhile, there are more straightforward questions
about thoron that hopefully will be soon answered. One is
whether, and 10 what extent, soil is the source for indoor
thoron. This question is important ahould it become neces-
sary to reduce thoron it houses by remedial messures. Doss
one reduce infiltration from the soil, as most often dooe at
present {or radon. or does one Deed 10 carry out other mea-
sures such as applying sealants to indoor surfaces of building
mastarials? If it turns out that soil is indeed the major source
of thoron, present mitigation programs reducing radon may
automatically eliminate many potantial problems due to
thoron. A second important guestion is whether or not there
exist regions or types of housing which possess unusually
high levels of thoron. It was the discovery of such regions
that gave much of the impetus to the present concerns with
radon. Data on indoor thoron are at present too sketchy to
.answer this question but there are & number of studies un-
derway that shouid provide information in the near future.

Reterences

L E. A Marwll. “Enhanced ioo production in convective starms
radot motopes and their decay produets,” J.
phve. Res. 90: 5509 (1985).

2 8.D. Sehlry S. Whittiestons. K. P. Hnn.S.EHm."I'hnuof
udon( )ﬁwtu Australian soils.” J. Geophys. Res. 84:
3 AB Tm‘Mnmmmmﬂnumd.Am in
The Naturel Radiation Environment. J. A. S. Adams, W. M.
Iawwsd-.mUmtyofChumlm

vmaouoa -z

4. 5. D. Schery, “Studies of thoron and thoron progeny: ixaouce-

6. Iomwﬂaduxm.‘iwmudBMEﬂccu United Na-
;gaSmuﬁchuum&-Mmo(Amm

w Nanmﬂ A V. Nerc, Eda.. Wiiev intarscience, 1988,

8. J. A Porstenddrier, A. Wicke. A. Scarsub, “The influence of

upon the con-
centration of redon (2ZRn), thoron ( ). ang their dacay
products tn room air.” Heaith Prys. 34: 465 (1978).

8. S. D. Schery, M. J. Zarcons. “Thoron and thoron daughters in
the indoor environment.” in Emmw Radiation 85,
Heaith Physics Society, Laramie, W . pp. 403-411.

10. M.J. Z.nm.s.b Schery, MH.WMLM:NM“A
companson of messurements of thoron, radon. and thetr daugh-
ters in a st house with model predictioms.” Atmos. Enuiron.
20: 1273 (19886).

11. 8. D. Schery, “Messuretments of airborne 3*Pb and ¥ Rn at
vaned indoor locatioms within the Unitad States.” Health Phys.
49: 1081 (1965).

12 M. W. Tso. and C. Li, “Indoor and outdoor 2R end Rn
deughtars io Hong Kong,” Heaith Phys. 83: 176 (1987).

13 A.an“CuniMwaL‘MduRhmuh’nhPm
duMonm«.duRldmm i 3
tions.” Rapport CEA-R-5378
ic. Saciay, France, 1987.

14. Limits for inhalstion of radon daughters bv workens. intarns-
PuomlConnum oo Radiologica! Prowection, ICRP Pub. 32,

15 A Jm“hmdolm in Rodon end its Decay Prod-
ummluco{“Aal.r WNMA.VME&..WM

Interscience.

16. A Citizen's Guide to Radon. United States Envircamental Pro-
tection Agency, OPAMUS.WMOM
Washington. 1986.

17. F. Wachsmann, “Are small doses really dangerows.” Hesith

15 sy.uaSouczmel?(S).lw and
A §. Serdyukows, Y. T. Kapitanov. Radon isotopes short-
lived products of their disintegration in nature. Nat. Tech. Inf.
Ser. Pnn'x'rn.swu Virginia, 1968, Chapter 8.

The author is an Associate Professor of Physics with the
Phwsics Departmant and Geopbysical Research Center, New
Mezico lnstizute of Mining and Technology. Socorro. NM
87801. This paper was for pesr review on June 20.

1% The revised manuscript was received February 12,
1

et ———
i 22— m o e n
- TR Ll

_ 487



ANDREWS OFFICE PRODUCTS CAPITOL HEIGHTS, MD (K)



MRY-B5-’'92 TUE 18:

WRH BENTURPUTNE 2000 che B8 mns i a o gl e

?;!}ﬂr .

27 ID:SENES CONSULTANTS TEL NO:d16-764-9335

#9777 P17

| Hup
E’%@ Report No. 76

RADIOLOGICAL
ASSESSMENT:
PREDICTING THE
TRANSPORT,
BIOACCUMULATION,
AND UPTAKE BY
MAN OF
RADIONUCLIDES
RELEASED TO

THE ENVIRONMENT

Recommendations of the

NATIONAL COUNCIL ON RADIATION
PROTECTION

AND MEASUREMENTS

v Issued March 15, 1984

First Reprinting May 1, 1985

National Council on Radiation Protection and Measurement
7910 WOODMONT AVENUE / BETHESDA, MD. 20814

PROPERTY OF
INFORMATION CENTRE
SENES CONSUUTANTS LIMITED




MAY-05-’92 TUE 10:2

)

Y 7 S

L A16-764-9330
g 1D:SENES CONGULTANTS TEL ND:416-7o

SR ——————

NMeca f Mo.7¢

218 7 USAGE FACTORS FOR PREDICTING EXPOSURE TO MAN

(1975) provides original data, as well as a summary of several othey i
studies, on shielding provided by structures such as homes, office qng B8

industrial buildings and vehigles,

Shielding {actors vary for a structure depending on whether the '}
source of radiation exposure is ground deposited or is a cloud The Tl z
reported reduction factors (ratio of the exposure rate in the structure . TGl

to the exposure rate in open air) for radionuclides deposited on the
ground range from an average of about 0.27 for single 8tory wooden
houses to 0.08 for reinforced concrete and brick homes, Basements
provide more protection than other areas of the house and average

- reduction factors range from 0.003 to 0.08. Large office buildings 38
provide more shielding, and, therefore, lower reduction factors than @&

homes (other than basementa). For example, average reduction factors
in one- and two-story. office buildings range from 0.01 to 0.12.

Vehicles provide reduction factors in the range observed for one. g

story houses. The range for cars, pickups, buses, trucks and trains is
0.15 to 0.8. The range for trucks and trains is encompassed within the
observed range for automobiles, pickups and buses.
In the case of cloud sources, only average reduction factors are
"available for buildings and vehicles. These values are probably repre.
santative of the upper range for a particular structure. If it is assumed
that a range similar to that observed for ground deposits applies, then
reduction factors might be as follows; wood frame homes, 0.6 to 0.9
masonry houses and masonry houses with basements, 0.3 to 0.6 and
0.2 to 0.4 respectively; and large office buildings, 0.05 to 0.2.

The distribution between these ranges for both ground deposited

and cloud sources could be considered to be uniform because there is
fikely to be a continuous range of values due to difference in materials
and architecture.

A precise analysis of reduction factors for individuals in a specific

area would require information on the percentage of the different type 4
dwellings in the area. Data on the numbers of one- and two-story
single family dwellings in different regiona of the United States are

given for 1970 by Moeller and Underhill (1976).

For individuals, it is also necessary to determine how much time is 8

spant at home (in one- or two-atory wood or masonry dwellings) and

how much time is spent in large office or industria! buildings; a general
range of 6 to 10 hours per day or 30 to 50 hours per week can be -
assumed. Seventy to 95% of a person's time spent indoors is the &
equivalent of 118 to 160 hours per week, of which 30 to 60 hours would HRE

be in office or industrial buildings. '

These time distributions and ranges can be used in conjunction with
the range of reduction factors of Burson and Profio (1975) to estimate
the range of effective reduction factors expected for individuals.
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Fig. 5.7. Terrestrial absorbed dose rate in air measured bv aerial survevs over
nuclear power plant sites. Rates in mrad/v may be converted to mGy/v by dividing bv
100.

outdoors and 230 £ 140 uSv/y (23 = 14 mrem/y) indoors are adopted
for this report.

5.4 Indoor Exposures

Exposure to terrestrial gamma radiation indoors is modified by the
materials of construction and by the position of the individual within
the structure. Wood plastic, metal and glass have relatively little
activity, while brick. concrete and other masonry tend to be similar to
soil in the surrounding area.

Walls provide some shielding from outdoor radiation. Cameras and
Rickards (1973) measured a factor of 2 reduction with a 12.5 cm wood
frame wall and a factor of 4 with a brick wall. A 20 cm concrete wall
gave a reduction factor of 20. They also indicated that windows and
doors provided little shielding. Roof shielding against sky-shine is
probably not important, since the unshielded component from this
source is only a few percent of the total terrestrial radiation. Wooden
houses can also reduce exposure by separation from the source. Ex-
posures on upper floors of wooden frame houses are usually lower than
the ground floor.

On the other hand, a person indoors is completely surrounded by
sources (4-pi steradians geometrically) which should increase expo-
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Fig. 5.9. Distribution of terrestrial gamma-ray exposures in Canada from airborne
measurements. Note that the exposures shown shouid be increased by 10%. Rates in
uR/h may be converted to uGy/h by dividing by 115.

the much greater number of outdoor measurements in assessing pop-
ulation exposure. This factor has no scientific basis but cannot be
completely replaced until adequate indoor data become available.
UNSCEAR, in its reports through 1982, has used a value of 1.2 for
the indoor/outdoor ratio based almost entirely on measurements in
European masonry houses. Oakley (1972) developed a “housing factor”
of 0.8 which was considered to be more representative of the frame
houses assumed to dominate housing in the United States. This factor
was used in the 1975 NCRP report on natural background radiation.
The measurements of indoor vs. outdoor exposures from NCRP
(1975a) are listed in Table 5.5. These are generallv confirmed bv the
more recent measurements of Miller (1986) who collected data for 80
houses in New York State and the New York City metropolitan area.
He found that outdoor absorbed dose rates in air averaged 350 uGy/v
(35 mrad/y), while the rates were 240 uGy/y (24 mrad/y) inside 60



Building materials (outer walls)

Frame, brick, and stone apart-
ments and houses

Mostly wood frame

Frame

Brick

Steel and concrete

Mostly wood frame

Approx. 80-100

70
82
96

87 106

75

U,

Hemarks

17 dwellings

160 single homes

5 single homes, 1st floor
1 apartment, 2nd floor
4 office buildings

110 single homes

TaBLE 5.5 - Comparison of indoor to outdoor absorbed dose rates in air”
Percent of outdoor
ubsorbed dose rate

in air

Relerence
Solon et al. (1960)
Lowder and Condon (1965)

Yeates ¢t al (1970)

Lindeken et al (1971)

* Oakley (1972) compiled the table in terms of dose equivalent. The same ratios would hold for absorbed dose in air.
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frame houses and 400 xGyv/y (40 mrad/yv) inside 20 masonrv houses.
Grasty et al. (1984) have a useful discussion of indoor exposure
considerations.

There are marked differences between wood-frame anc masonry
houses which modifv actual population exposure. The Statistical Ab-
stract of the United States (USBC, 1986} indicates that the 92 million
vear-round dwellings in the U. S. (1983) are about two-thirds single
familv and 15 percent apartments with 5 or more units. The latter
should be largelv masonry, while the smaller buildings are apparently
about 50 percent masonry or masonry-faced and 50 percent wood
frame with no masonry in the walls (USBC. 1971). About 50 percent
of single-family houses have masonry basements, and any time spent
in the basement is equivalent to time in a full masonry structure.

Moschandreas (1981) has estimated that about 20 percent of the
day is spent outdoors. In addition, the amount of time spent at home
is modified by occupation. The Statistical Abstract (USBC, 1986)
shows the approximate division of population over 16 as 60 percent
emploved. 6 percent full-time students, 15 percent full-time house-
keepers, and 19 percent other, including unemploved. The one-quarter
of the population below 16 include the 7 percent of the total population
of pre-school age while most of the rest under 16 should be additional
full-time students. Thus, probably two-thirds of the population spend
six or more dayvtime hours at work or school in masonryv structures.

In view of these modifving factors, it would seem that attempting
to correct for type of dwelling would not make a significant change in
the population exposure, although it could for an individual. Thus, in
this report, the average indoor exposure will be assumed as equal to
that measured outdoors for the U.S. The Canadian estimate was
presented in Section 5.3. It is hoped that actual survey data for indoor
exposures will become available in the future.

5.5 Variations in Terrestrial Radiation

There are locations where the levels of external radiation from
natural sources are markedly elevated above the average. A few of
these will be considered in Section 8 but it must be realized that there
are many more that have not vet been identified. This section will
consider only the sources of variation in average exposures.

In general, the vartability is not large. For instance, combining the
available outdoor data for Italy, Japan, West Germany and the United
States, as given in UNSCEAR (1982), gave a single normal distribu-
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Abstract—A systematic approach to finding materials that cause elevated y radiation
exposure rates or “’Rn progeny working levels in buildings was tested in the Atlanta area.
With the proposed procedure, exposure rates in planned structures would be derived
from a radiation survey of the material performed with a Nal(Tl) detector. Working level
values under specified conditions would be inferred from an additional measurement of
2%Ra concentration in the material. To quantify the procedure, surveyed building materi-
als were analyzed for radionuclide content and categorized according to an exposure rate
index related both to the survey meter count rate and the radionuclide concentration. An
available calculational model was used to predict from the index the exposure rate in a
room totally enclosed by radioactive material. An additional model was developed for
application to structures where the radioactive material is only in the floor or walls.
*?Radon concentrations in an enclosed space were also predicted according to an
available model. Exposure rates were measured in newly constructed buildings to test the
approach. Measurements in older buildings found elevated y-ray emission from concrete
blocks made with phosphate slag from a phosphorus producer in Alabama. Buildings with
walls of these blocks were used to test the prediction of *?Rn concentrations in building
air due to “**Ra in construction material. The calculational models predicted that the **Ra
concentration of approx. 20 pCi/g in these blocks would resuit in increases of the average
exposure rates by 10 uR/hr and of *?Rn concentrations by 0.2 pCi/l. under specified
conditions. Observed levels were consistent with these predictions, but the major fraction

of **Rn in room air was attributed to inflow from the ground beneath the building.

INTRODUCTION
BUILDINGS that contain unusually high **Ra
levels in walls or floors have been found in
several locations in the U.S. There is concern
that some of the buildings will cause exces-
sive radiation doses to the total body due to y
rays emitted by the *'“Pb and '“Bi progeny of
2%Ra, and to the lungs due to a particles
emitted by "*Po and *“Po progeny formed
through the decay of gaseous **Rn in air. The
22Th decay chain and “K also contribute to
total body radiation dose, and **Rn progeny,
to the lung dose. The U.S. Environmental
Protection Agency has proposed regulations
under the Resource Conservation and Reco-
very Act of 1976 that prohibit building
products manufactured from certain wastes if

these will raise levels by 5 wR/hr or 0.03 WL
above the usual radiation background. Al-
though the proposals have not been im-
plemented and guidelines with different cri-
teria are being followed in various circum-
stances, one can anticipate that extensive
surveys will be undertaken to identify build-
ing materials that may cause unacceptably
high radiation doses. A systematic approach
to such surveys is described here.

Radiation detection devices in current use
detect elevation in y-ray exposure rates by as
little as 1 or 2 uR/hr relative to the natural
terrestrial plus cosmic radiation background,
which in the U.S. is generally between 5 and
25 uR/hr. For spot (i.e. brief) measurements
during extensive surveys of homes, pres-
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surized ionization chambers (Ni80) and plas-
tic scintillators (Ko78a) have been success-
fully utilized, while thermoluminescent
dosimeters have served for long-term
measurements (Ni80; Mj80). In determining
the increment due to building material, con-
sideration needs to be given to (1) procedures
for predicting the radiation exposure poten-
tial of building materials before the building
is constructed; (2) defining the natural back-
ground within 1 or 2 uR/hr when it ranges
over 5 or even 10 wR/hr at some survey areas
(NCRP75); and accounting for fluctuations in
the background within buildings by 1 or
2 uR/hr (Li73; Ni80). Two calculational ap-
proaches (Kr71; Ko78) have been proposed
to deal with the first item; the second and
third items would have to be resolved by
more detailed measurements when the
exposure rate elevation is near a regulatory
limit or action level.

Deiermining the WL value due to building
material is a much more difficult task. Unlike
y radiation in structures, *’Rn progeny in air
fluctuate widely in concentration and are not
easily traceable to their source with a survey
instrument. Although WL values can be
measured below 0.03 WL by approx. 2 orders
of magnitude with various available detection
devices, an elevated value is not necessarily
due to man-made conditions and a low value
does not eliminate the potential for elevated
values at other times. At the present state of
knowledge, if elevated WL values due to
building material are sought or are believed to
occur, a study must be performed to dis-
tinguish among the various sources and fac-
tors that lead to high values.

Elevated **Rn concentrations in building
air are currently believed to come mainly
from the ground or fill beneath the building.
Concentrations in building air fluctuate with
changes in the infiltration (or ventilating) rate
due to such common activities as opening
doors and windows, and with changes in
atmospheric and soil conditions that affect
the radon flux into the building in ways not
vet well defined. Fluctuations in the *’Rn
concentration in outside air and utilization of
water from groundwater supplies high in
2Rn add to the variability in building air

(OECD79). The ratio of WL value to **Rn
concentration is affected by the degree to
which the ““Rn progeny are removed from
building air by filtration and surface deposi-
tion. At equilibrium, a value of 0.03 WL is
associated with a *“Rn concentration of
3 pCi/l.; typical values indoors correspond to
approx. 409 of equilibrium (UN77). At that
level, a "Rn concentration of 7.5pCi/l.
results in 0.03 WL,

Surveys in the U.S. show averages in
homes between 0.003 and 0.007 WL, with
distributions that are generally log-normal
and include values well above 0.01 WL (Al74;
Pe77; Gu79; Ge80). Very high **Rn concen-
trations—more than 10 pCi/l. in some cases—
have been found in some homes (Ru79;
Go81).

In the U.S.. concrete made with slag from
the production of phosphorus that contains
elevated levels of ™ Ra has been found in
Idaho (Bo77. Pe78; US80) and Montana
(Li78; US80) buildings. The buildings were
identified by their elevated v radiation
exposure rates. ““Radon and WL values were
in the normal range but included some values
above 0.03 WL (Pe78; L178). No distinction
was made concerning the source of **Rn for
building air above 0.03 WL. In Europe,
similarly elevated levels were found by vy
radiation exposure rate measurements for
plasterboard made with phosphogypsum and
aerated concrete with alum shale (OECD79).
Swedish houses with alum-shale-based
aerated concrete have been found with **Rn
and WL values as high as 11pCi/l. and
0.04 WL, respectively (Sw80). Other homes,
however, have similarly high values despite
building materiais of lesser **Ra content due
to low ventilation rates (0.01-0.3 per hr,
compared to average values of 0.6 to 0.7 per
hr in Sweden).

The following approach to identifying
materials leading to elevated radiation
exposure rates and WL values was followed
in this study:

(1) Find materials that in bulk show higher
than normal y-ray exposure rates with survey
meters.

(2) Analyze these materials for radionu-
clide content.
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(3) Compute a radiation exposure rate in-
dex from the radionuclide concentrations and
compute the *?Rn flux density from the **Ra
concentration.

(4) Compute the y-ray exposure rate and
Rn concentration as a function of building
dimensions from the index and flux density,
respectively.

(5) Compare these with exposure rates and
IRn concentrations from material with
average radionuclide (including **Ra) con-
centrations.

In existing buildings with elevated radiation
exposure rates or WL values, the material (if
any) that emits more vy-rays is identified by
spot survey and the **Rn flux density from
the material is measured (Co76). To deter-
mine whether elevated exposure rates in-
dicate potentially high **Rn concentrations in
buiiding air, the concentration of **Ra rela-
tive to **Ra and “K is obtained by analyzing
a sample of the material or by on-site spectral
analysis with a portable y-ray spectrometer.

Construction materials that were potential
sources of elevated radiation exposures—
mostly brick and concrete—were surveyed in
the field and sampled for radionuclide analy-
sis. Calculational models were then applied to
predicting y-ray exposure rates and *Rn
concentrations in buildings. A model was
developed for a situation to which the avail-
able models did not apply. Newly constructed
homes in several subdivisions were surveyed
to compare measured with predicted
exposure rates. Older structures were sur-
veyed to search for material with elevated
radionuclide levels, and this material was
traced to its source. Finally, **Rn concen-
trations in air at selected buildings construc-
ted with the high-“*Ra material were
measured to compare with predicted values.

PROCEDURE

Building materials in the yards of major
suppliers in the Atlanta area were surveyed
to determine the external radiation exposure
potential of the materials (Ka79; Ei80). The
materials were surveyed in large piles, usu-
ally 1-2m from side to side, with a Nal(T})
detector and rate meter. The detector was
cylindrical, 5 ¢cm in diameter X 5 cm long. The

low-energy discriminator was set to detect
only y-rays above 0.09 MeV. The detector
was calibrated relative to a pressurized ion-
ization chamber (PIC) for mixed terrestrial
radiation. For measurements. the detector
was placed directly on the pile of materials.
The natural radiation background and the
influence of adjoining materials were deter-
mined by moving the detector in various
directions from the pile.

Samples of many of the materials were
analyzed in the laboratory for “**Ra, ***Ra and
“K with a Ge(Li) detector and spectrometer.
Radium-226 was determined by measuring
the 352-" and 609-keV y-rays of *“Pb and
214Bi, respectively. For confirmation, its 186-
keV y-ray was measured and it was assumed
that 58% of the y-ray was due to **Ra (0.035
y-ray per disintegration) and 42% from “**U
(0.54 vy-ray per disintegration, 0.0466 pCi
35U/pCi **U). Radium-228 was determined
by measuring **Ac and ‘Tl y-rays and
assuming that these were in equilibrium with
28Ra. For “K, the 1.461-keV y-ray was
measured.

A group of 23 new homes, built with these
materials, was surveyed with the PIC to
measure the exposure rate; 6 older homes
and 29 multi-unit structures were also sur-
veyed. The PIC is a steel sphere, 0.3 m in
diameter, filled with argon at a pressure of 25
atmospheres. It was calibrated in terms of
uR/hr with a **Ra source checked by NBS.
The PIC was taken to various locations in
houses, including the centers of rooms and
near walls, to measure typical values and to
search for sources of elevated exposure
rates. Where materials responsible for higher
radiation exposure rates were found, the
radionuclides were identified by analyzing a
sample of material or by operating a portable
Ge(Li) detector with spectrometer nearby.

A computer calculation of the exposure
rate in a room with radioactive walls or floors
was performed with the modified code
FUDGE 4 (Ma64). The values of uR/hr at a
grid of locations within a room for the three
terrestrial radionuclides at unit concentra-
tions in walls and floor were obtained for
square structures, 2.4 m high with various
floor areas between 10 and 150 m°. Wall and
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floor surface densities were 17 and 23 g/cm’
respectively. The values are approximate
because only mean values of y-ray energies
and fractions were used for the two decay
chains (**U: 0.81MeV, 210%; *Th:
0.88 MeV, 270%; *“K: 146MeV, 10.7%).
Results depend noticeably on the choice of
buildup factors, for which Taylor's sum of
exponentials was used (Mo73), and were
clearly inappropriate near surfaces.

The component of concrete blocks res-
ponsible for the elevated exposure rate was
identified by inquiries of suppliers on the
basis of date of construction and physical
characteristics. Upon being contacted, the
supplier of that component provided all
requested information concerning the source
and its extent, and also sampiles for analysis.

Radon-222 concentration in air was
measured in 125-cm’ radon scintillation
(Lucas) cells. The samples were collected in
three office/laboratory buildings at the Geor-
gia Institute of Technology during the morn-
ings for t-min periods by admitting air into

evacuated cells (Ka83). Concrete blocks with
considerably elevated “*Ra concentrations
were used extensively in constructing two of
these buildings. Measurements were perfor-
med to determine differences in air between
outside and inside, among different floors
within a building, among buildings, and as
functions of season, time and atmospheric
conditions. Radon flux density was measured
by collecting ““Rn on 200cm’ charcoal in
80-cm’ containers sealed to the ground or to
floors and walls for 3 days and anaiyzing the
charcoal by +vy-ray spectrometer. The ven-
tilation rate in buildings was determined by
measuring SF, tracer with a gas chromato-
graph. Radon analyses of water showed that
water use was not a source of ’Rn in build-
ing air.

RESULTS AND DISCUSSION
The radium concentrations in the brick and
concrete samples listed in Table 1 were
observed to be in the four distinct categories
labelled “‘very low,” “low,” “medium’ and

Table 1. Average radionuclide concentration and expasure rate potential of construction materials

Radionuclide caoncentration, pCi/g

No. of Exposure rate
Material Samples 226R, 22Bpa 40y index, uR/nr  Category
Brick 2 0.2 0.08 0.3 0.7 very low
5 0.6 0.9 12, 5.8 Jow
24 1.8 1.9 17, 11.8 medium
6 3.5 2.9 27. 19.7 high
Concrete, 3 0.7 0.5 8.0 4.1 1ow
poured 14 1.4 1.7 26. 12.1 medium
and block
Tile 9 1.9 1.0 5.3 7.4 ) ow
1 1.7 2.1 28, 14.2 medium
Wood 1 0.04 0,013 0.3 0.2 very low
5 -- -- ~- -- very low
Wall ceil- 5§ -- .- -- -- very low
ing board
and tiles
Glass 2 -~ -- -- .- medium
panes
Glass 3 -~ .- -- -- medium
fiber
insulation
Roof ing 1 -- -- -- -- Yow
Metal 2 -- -- -- -- Tow
braces
and wires
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“high.” It should be noted that many more
brick and concrete piles were in the
“medium” category than indicated by the
numbers of samples because preference was
given to analyzing samples from piles that
caused unusually high or low count rates. The
average for each was separated by ap-
proximately a factor of two from the other.
In only a few instances (Ei80) did these clear
distinctions among categories not apply. The
*Ra and **Ra concentrations in the
“medium” category were somewhat high in
relation to surface soil from 16 locations
throughout Atlanta, in which the range was
from 0.3 to 2.6 pCi/g and the average was
1.1 pCi/g (Ka79).

An index, I, in uR/hr. was selected to
estimate the radiation exposure rate potential
due to the combined radionuclide concen-
trations, C, in pCi/g, of the **U progeny,
Th progeny and “K in a material. This
index was taken to be the exposure rate
measured 1 m above an infinite hemisphere or
slab with respect to the y-rays emitted by the
radionuclides. The following relation, with
the first coefficient modified on the basis of
more recent decay information, is given by
Beck (Be72; Be79):

I =190 Cowy+2.82 Coopy, + 0.179 Cug. (1)

Concentrations of *Ra and *®*Ra can be
substituted for those of “**U and “*Th, res-
pectively, because X- and y-rays in the
chains before radium contribute little to the
total exposure rate. Krisiuk et al. first used
this approach (Kr71) in terms of an infinite

sphere,. i.e. approx. twice the above exposure
rate per concentration. Their coefficients
were approx. 20% higher than doubie those in
equation (1) for “*U and “’Th. possibly
because thev used different y-ray intensities.

The average indices given in Table 1 main-
tain the distinct categories observed for
radium concentrations in brick and concrete.
Extreme values in a category were generally
within 20% of the average (Ei80). These in-
dices compare to measured terrestrial back-
ground exposure rates between 2 and
12 uR/hr in the Atlanta area (Ka79). In ad-
dition. cosmic radiation in Atlanta (elevation
300 m) contributes 3.8 wR/hr (NCRP7S: Li72)
to the outside exposure rate and possibly 10%
less inside (NCRP79).

The survey results with the Nal(T1) detec-
tor placed above large piles of materials were
consistent with the index values given in
Table 1. The count rates approximated the
exposure rate indices for terrestrial radiation
on the basis of the calibration factor for the
survey meter of 600 count/min per upR/hr
because the detector is relatively insensitive
to cosmic radiation. The contribution to the
count rate from widely varying levels of ter-
restrial radiation had to be taken into ac-
count, however, as well as radiation from
nearby stacks of other materials. The tests
with concrete, brick, tiles. and wood gave
sufficient confidence to apply the method to
the other materials listed in Table 1, as long
as these materials were not in the “high”
radiation category.

The building survey results in the first three
rows of Table 2 show wide ranges of

Table 2. Exposure rates in structures

Average exposure rate and range, uR/hr

Buildings No., outside nside typical inside Tow inside high
New homes 23 6.3-12 7.1-15 6.7 19
0lder homes 6 6.5-9.7 8.0-16 6.9 18
Multi-unit structures* 24 9.0-16 8.0-18 6.3 21
Multi-unit structures, 5 7.8-16 28-34*+ 26%* 48

with phosphate slag
concrete block

* Apartment buildings, offices, schools and warehouses.
*+ pefers to areas with these blocks; exposure rates in other areas were
similar to those in other buildings.
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exposure rates both inside and outside. Inside
exposure rates were consistently higher, al-
though generally by small increments, in
buildings constructed with brick or concrete.
The extent of elevation depended on the
materials that were used. In the one wooden
frame house that was surveyed, the exposure
rate was lower than outside (Ka79).

Within buildings, the radiation exposure
rate varied with the distance from the main
source of radiation. The highest values shown
in Table 2 were measured near the surfaces
of masonry walls or floors, particularly in the
basement. Exposure rates decreased from
basement to ground floor to second floor, and
were lowest away from concrete or brick on
upper floors (Ei80).

Extensive measurements indicate that in-
side y-ray exposure rates, excluding the
cosmic ray contribution, in homes with
masonry walls are typically 1.2-1.6 times as
high as the outside terrestrial exposure rates
(Ko78: Ni80). Moeller and Underhill (Mo76)
suggest a factor of 1.3 for the ground floor
relative to outside, and factors 30% higher in
the basement and 15% lower on the second
floor. In frame houses, on the other hand,
walls contribute fewer y-rays than they ab-
sorb. resulting in inside exposure rates that
are 0.7-1.0 of outside values (Ni80; Mo76).

Estimation of the indoor radiation -

exposure from construction material with the
index I from equation (1) appears feasible for
relatively simple situations. Krisiuk et al
(Kr71) arrive at an indoor vy-ray exposure
rate equivalent to 2 I if walls, floor, and ceil-
ing are infinitely thick with regard to the
emitted y-rays. This is the upper limit of the
indoor exposure rate due to the material. It
can be encountered in buildings with very
thick or multiple walls. Koblinger (Ko78), in
calculating the y-ray exposure rate in a 4- X S-
» 2.8-m room from 20-cm-thick concrete
floors, wall and ceiling, obtained approx. 1.8
I. Extrapolation of his values to 10-cm-thick
concrete vyields 1.4 I Calculations for a
square room or building with masonry walls
or floor resulted in the radiation exposure
rates in terms of I shown in Figs. 1 and 2 for
P8y, Similar curves were obtained for **Th
and “K. The values are lower than the

Koblinger results extrapolated to 10-cm-thick
material because a nonradioactive ceiling had
been postulated. This is generally applicable
to I-family homes in the U.S.

Estimates of indoor y radiation exposures
must include the terrestrial exposure rate
attenuated by walls and floors and the slightly
attenuated cosmic ray exposure rate. For
example, in computing the exposure rate on
the first floor of a 12-x12-m 1-family house
in Atlanta, the following sources must be
considered if the terrestrial exposure rate is
6 uR/hr and the building material index is
6 uR/hr: terrestrial radiation 6 wR/hrx0.3
(Ka79), cosmic rays, 3.8 uR/hrx0.9, and
building materials 6 X 0.8 (see Fig. 1), for a total
of 10 wR/hr. If the I value for the material were
12 wR/hr, more typical of the index for con-
crete and brick at Atlanta, the indoor levels
would be 15 wR/hr. The sample calculations
yield reasonable results compared to the
measured values but suggest the difficulty of
calculating precise exposure rates from a rela-
tively simple model.

In the five structures referred to in the last
row of Table 2, much higher radiation
exposure rates than usual were found near
the surface of concrete block walls. These
walls were in two office/laboratory buildings
at the Georgia Institute of Technology, two
warehouses, and in portions of corridors in
the former Atlanta airport terminal. The
buildings were among 29 multi-unit structures
randomly selected for this test survey. The
structures or parts of structures in which the
walls had higher exposure rates were built in
the mid-1960s.

Samples of block from three of these
buildings were available for analysis. The
blocks had the following averages and ranges
of radionuclide concentrations (Ka83):

2Ra 19 (18-21) pCi/g
%Ra 1.0 (09-1.2)
“K 9.1 ( 7.4-9.9)

The **Ra concentrations are extraordinarily
high for building material, whereas “*Ra and
“K are in the “low” category of Table 1. The
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FIG. 1. Average y-ray exposure rate index within building due to **U chain in walls and
floor.

sample of brick or concrete measured in this
study.

A vy-ray spectrum obtained on site with a
portable Ge(Li) detector showed the much
higher “*Ra concentration in the concrete
blocks relative to **Ra:

Relative amount, pCi

226Ra 228Ra 40K

Building with 10.0 1.0 8.7
concrete blocks

Control building 1.1 1.0 7.9

Absolute calibration is difficult because of the
different concentrations of the three
radionuclides in the high-“*Ra walls and in
the nearby floor and ceiling with normal **Ra
levels. Relative calibration (approximately a
straight line of energy vs efficiency on a log-
log graph) is feasible on the basis of
numerous y-rays of known intensity from
either “*Ra or **Ra progeny. The relative
“*Ra amounts in the building with concrete
blocks are intermediate to the concentrations
in these blocks and in ordinary concrete.
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FIG. 2. Variation within building of y-ray exposure rate index due to ?**U chain in walls
and floor (height above floor: 1.2 m).

The source of the elevated *Ra levels in
the blocks was found to be slag from the
thermal reduction process for phosphorus
production at a plant in Muscle Shoals, AL.
Five samples of slag provided by the plant
contained the following averages and ranges
of radionuclide concentrations:

2Ra 28 (19-38) pCilg

Ra 0.8 (0.6-0.8) -
“K 42 (1.9-5.7)

The plant uses a mixture of phosphate ore
from Florida and Tennessee, typically 33% of
the former at an average ***Ra concentration
of 65pCi/g and 67% of the latter at 4 pCi/g
(Wi75).

Until 1969, most of the slag was prepared
in an expanded form; thereafter it was in a
quenched form until all sales were halted in
1978 (Ma78). Both were used extensively for
manufacturing concrete blocks: the expanded
form, to make lightweight blocks that contain
approx. 80% slag, and the quenched form in
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blocks that contain 30-40% slag. The **Ra
concentration due to slag in the lightweight
block would be expected to be 22 pCi/g, only
slightly higher than in this study. The blocks
with quenched slag would contain 8-11 pCi/g,
consistent with concentrations of 8 pCi/g
found in blocks produced in the early 1970s
(Wi75). According to the producer, approx.
2.8 million tons of slag were shipped mostly
to construction and building material com-
panies in Alabama, Tennessee, Mississippi
and Georgia between 1953 and 1978. Of this
amount, 380,000 tons were shipped to two
firms in the Atlanta area between 1962 and
1966 (Ma78). This slag tonnage corresponds
to 480,000 tons of lightweight concrete
blocks, which may have been used to con-
struct several thousand buildings.
Measurements of “*Rn concentrations at
two buildings (NE and ER) in which inside
walls were constructed with numerous high-
*Ra concrete blocks and at a control build-
ing (CE) are consistent with previous obser-
vations (St80): ““Rn inside were much higher

than outside and concentrations on the
ground floor were higher than on upper floors -
(Ge80). Taken together, the data in Table 3
suggest that the ground beneath contributes a
major fraction of the “*Rn inside the building
and that ““Rn accumulates in the building due
to limited air exchange with the outside.
Although **Rn concentrations in air at the
two test buildings were much higher than in
the control building, calculations based on
flux density and ventilation rate measure-
ments (Ka83) lead to the conclusion that the
blocks with high **Ra contents are not a
major source of ***Rn. The results sum-
marized in Table 4 are based on “*Rn flux
density measurements in soil just ouside the
buildings and on concrete floors and walls
(both high-radium blocks and poured con-
crete at normal **Ra levels). Measured ven-
tilation rates showed an average exchange of
inside with outside air of 1.1 per hr in all
three buildings. Because measurements on
the slab at the lowest floor of the buildings
showed much higher ***Rn flux densities over

Table 3. Average morning **Rn concentrations in building and outside air

222pn concentration, pCi/L

Location Qutside Basement st floor 2nd floor 3rd floor

CE building 0.1 (6)* 0.7 (8) 0.4 (2) 0.5 (4) 0.3 (2)
<0.1-0.3 0.2-1.9 0.4-0.5 0.1-1.0 <0.1-0.6

NE building 0.2 (11) .- 1.3 (11) 0.7 (10) 0.8 (4)
<0.1-0.4 0.9-1.8 0.5-1.0 0.6-0.9

ER building 0.2 (5) 2.4 (7) 2.0 (5) 1.8 (4) -
€0.1-0.3 0.4-3.7 0.1-3.2 0.9-2.2

* Number of measurements in parentheses; range of values shown on second

line.

Table 4. ““Rn concentrations in building air calculated from “*Rn flux density and outside air
measurements

222pn concentration from source, pCi/L

Concrete walls

Location Ground Unbroken slab and floors* Qutside air
CE building 0.2 (0.04) 0.06 --- 0.1
NE building 0.6 (0.06) 0.05 0.1 0.2
ER building 1.1 (0.04) 0.03 0.2 0.2

* the first value is for materials with normal 226Ra, the second is for

materials with high 226Ra
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cracks and seams than on the unbroken floor,
it is believed that ““Rn from the ground
enters buildings mostly at such breaks and at
openings for pipes and ducts. Hence. con-
centrations based on flux densities measured
at the ground (see Table 4) appear to be more
appropriate for predicting **Rn levels in in-
door air than concentrations based on
measurements at the unbroken slab.
Measurements of WL values in basements
of 17 houses in Alabama that were built with
phosphate-slag-bearing concrete blocks and
in five control basements (US80; Ma78)
confirm the need to distinguish among
sources of ?Rn before instituting control
actions. Although the averages of 0.018 and
0.014 WL, respectively. for the test and the
control values were not significantly different,
some test homes had relatively high levels
that in the absence of specific information
might be attributed to the building material.
The values in Table 5 were calculated to
compare ““Rn concentrations in building air
and y-ray exposure rates expected from
concrete with a medium exposure rate index
and from concrete blocks similar to those

found in Atlanta. In addition to the indicated
room dimensions. ““Ra concentrations and
radiation exposure rate indices, the following
values were assumed: concrete blocks are
0.14 m thick and have an effective density of
1.0g/cm' (the concrete density is actually
2.3g/cm’. but the blocks are hollow): their
emanation fraction is 0.05 (an average value
of 0.03 was determined) (Ka83), and the
ventilation rate is 1 room volume per hr. The
y-radiation exposure rate was computed on the
basis of exposure rate indices from Fig. 1 for all
rows in Table S except 4 and 6. for which 1.4 ]
was used. Concentrations of “*Rn were com-
puted for equilibrium among exhalation from
radium-bearing material. air turnover, and
radioactive decay (Ka83).

These estimates suggest that the presence
in walls of the high-"*Ra concrete blocks
increases the average y-ray exposure rate
within the rooms used in the examples by
approx. 10 uR/hr, but the **Rn concentration
in building air by only 0.2-0.3 pCi/l. The
situation in the fifth row is comparable to the
ER and NE buildings. In these two buildings,
the predicted exposure rate. with 5 uR/hr

Table 5. Estimated radiation exposure rates and **Rn concentrations in air from building material

Radiation exposure index Exposure rate, 222gn concen-
Structure of material, uR/hr ~ WR/hr tration, pCi/l
basement,
1-family house 12 9.9 0.034
12 x 12 x 2.4m
12 (floor) and 19.7 0.20
44 (walls)
44 36.1 0.42
multi-story
masonry building 12 16.8 0.049
9 x 9 x 3.0m
12 (floor and 27.3 0.28
ceiling) and
44 (walls)
44 61.6 0.61
Notes: 1. !=12uaR/hr  corresponds to  CRraa2s=17pCijg: for 1=44
pR/hr, Cpa-z2g = 21 pCi/g
2. Exposure rates do not include values due to cosmic rays or

the ground; Rn-222 concentrations do not include values from

outside air, the ground, or gas and water supplies.

Exposure rates in the home and in the office with mixed

materials depend on location in room; these are average values

based on Figure 1.
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added due to radiation from cosmic rays and
the ground outside, corresponded to average
measured values. The predicted **Rn incre-
ment of 0.2 pCi/l could not be attributed to
building materials on the basis of measure-
ments alone because of the much greater
fluctuations in the totals shown in Table 3.

SUMMARY AND CONCLUSIONS

A survey in Atlanta found that the only
building materials that resulted in y radiation
exposures comparable to terrestrial levels
were concrete and brick. Typical radionuclide
concentrations in these two materials were
approx. 1.6 pCi/g for “*Ra, 1.8 pCi/g for **Ra
and 20 pCi/g for K. Some groups of materi-
als with considerably lower and higher
radionuclide concentrations were also found.
Surveys in buildings showed vy radiation
exposure rates ranging from 7 to 18 uR/hr
compared to 6-16 wR/hr outside.

In a few buildings, inside walls had been
constructed with concrete blocks that caused
exposure rates near 40 wR/hr. These blocks
had been made with slag from a phosphorus
production plant that utilized phosphate
minerals high in *Ra content. The blocks
contain **Ra at a concentration of 19 pCi/g.

Measurements in two buildings with high-
2¢Ra blocks yielded average ***Rn concen-
trations in air of 2.2 and 1.0 pCi/l., compared
to 0.6 pCi/l. in a control building. Measure-
ments of *Rn flux density at walls and the
ground suggested, however, that these
differences were due mainly to different **Rn
exhalation rates from the ground.

A radiation exposure rate index I, in units
of uR/hr, is proposed for relating radionucl-
ide concentrations in building materials to
v-ray exposure rates over blocks of the
material, and also for using either of these
measurements to predict exposure rates due
to the material in buildings. The index cor-
responds to the terrestrial exposure rate 1 m
over an infinite hemisphere of material. The
upper limit of the exposure rate in buildings
is 2 I, corresponding to a measurement within
an infinite sphere of the material. More typi-
cal values are 0.8 in 1-family homes and
1.4 I in multi-story masonry buildings. The
coeffictent of I depends on the location of the

material relative to the measurement point;
sample values are given in Figs. 1 and 2. To
these values must be added the terrestrial and
cosmic ray exposure rates as attenuated by
walls, floors and ceilings.

The “?Rn concentration in building air due
to construction materials can be computed
from the *Ra concentration in the material,
the amount of material, the emanation frac-
tion of *’Rn, the volume of air, and the
ventilation rate. Because “**Ra is one of three
radionuclides that contribute to the index, the
index can only be used to indicate the upper
limit of **Rn concentration in air. If needed.
the actual **Ra concentration can be deter-
mined by sampling the material or estimated
by performing vy-ray spectral analysis in
structures.

Because of the difficulty in determining
reliable WL values in building air relative to
the ease in measuring y-ray exposure rates, it
is recommended that any extensive surveys
that are undertaken measure the latter, and
then infer the upper limit of WL values. Only
in cases where very high y-ray exposure
rates indicate the possibility of significantly
elevated “*Rn concentrations in building air
and hence high WL values from materials
will it be necessary to perform “*Rn or WL
surveys. To utilize this approach, the amount
of source material and minimum ventilation
rates must be determined for buildings that
contain high-*Ra material. It is also sug-
gested that more information be obtained
concerning the mechanism of “**Rn exhalation
from materials so that the emanation fraction
and conditions of maximum exhalation can
be known for the materials under con-
sideration.
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SUMNMIARY

The Illinois Department of Nuclear Safety (IDNS) has performed radon screening measurements in
approximately 4,100 homes in 98 counties. Results indicate about 39 percent of the basements
tested have radon levels that exceed the U.S. Environmental Protection Agency (EPA) guideline of 4
picocuries per liter (pCi/L) and 1 percent have levels greater than 20 pCi/L.. About 11 percent of first
floor areas tested have levels greater than 4 pCi/L and less than 1 percent have levels greater than 20
pCi/L. In total, about 31 percent of all homes tested have radon levels greater than 4 pCi\L. If these
results represent the entire state, this could mean as many as one million homes in Illinois have levels
above EPA guidelines.

The screening program has not indicated any areas in Illinois that face a serious health risk from
radon, but there are some areas with a significant percentage of homes with screening results in
excess of 4 pCi/L, which merit additional study. Radon may, however, cause significant economic
problems for those homeowners with homes greater than the standard. Correlations between house
construction characteristics and radon concentrations show no particular feature or combination of
features clearly contributes to high radon concentrations.

Although radon concentrations in Illinois are not as high as in some other states (e.g.,
Pennsylvania), there is still the potential for a health hazard needing to be addressed by IDNS and
other agencies. Publicity has increased public concern about radon, proper raethods for measuring
radon levels and the ability of private companies to provide effective services for reducing levels of
radon. There is also considerable concern over the need for and quality of radon measurements
conducted when required for real estate transactions. IDNS is assisting the public in coping with
these issues. Additional efforts which should be undertaken by IDNS include follow-up studies in
neighborhoods identified as potentially exhibiting elevated levels of radon, and development of a
training and certification program for radon mitigation contractors.
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INTRODUCTION

Because of the significance of radon, Governor James R, Thompson established a task force in June
1986, to investigate the problem of indoor radon in Dlinois and report its findings and
recommendations. The task force recommended that IDNS be designated the lead agency in the
development, implementation and coordination of a comprehensive statewide indoor radon
monitoring program, Since the task force recommendations were announced IDNS has conducted
studies to (1) locate houses in [llinois with high radon levels; (2) estimate the number of houses in
Illinois that might have cievated radon levels; (3) assess the range of indoor radon exposure to
Olinois citizens; and (4) determine if any geographic regions that, because of particular geological or
other conditions, have greater potential to increase public radon exposure (lllinois Department of
Nuclear Safety, 1986). The current Lllinois radon program also addresses the question of radon
exposure potential in nonresidendal structures such as schools and is involved in radon reduction
projects and public education programs.

NOTES ON 1990 UPDATE

This report is an update of the November 1988 version of “Radon in Dlinois, A Status Report™
(Ilinois Department of Nuclear Safety, 1988). The Radon Mitigation Act of 1989 requires IDNS to
submit a report 10 the General Assembly describing its findings and recommendations regarding the
existence and nature of the risk from radon in dwellings and other buildings in Illinois. This update
is intended to serve that purpose. The 1990 report contains new information on:

- llinois residential screening project;

- epidemiological studies;

- lung cancer risk factors published by EPA;

- the impact of radon measurements on real estate transactions;
- new radon detection equipment;

- Winois legislation;

- IDNS sponsored training; and

-the State Indoor Radon Grant program

SOURCES OF RADON

Radon is aradioactive gas produced by the decay of radium, a natrally occurring radioactive
element. Radium is present as a trace element in all soils and rocks throughout the United States, but
is found in high concentrations in some areas, Since it is present in all soils, no areas of Illinois are
expected to be entirely radon free. Every llinois citizen is therefore exposed to indoor radon 1o some
degree. Current studies are designed to evaluate the range and magnitude of radon exposure and
contributing factors.
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Radon is a colorless, odorless, tasteless and chemically inert gas which produces no apparent
symptoms upon immediate exposure. It is denser than air, which means it will tend to sink to the
lowest levels in a house in the absence of forced circulation. Because, like helium, it is not
chemically active, radon diffuses through porous materials, such as soil, and easily passes through
cracks in concrete and other solid materials. Radon-222 has a halflife of 3.8 days, and decays into a
series of radioactive elements called radon decay products. These decay products include polonium-
218, lead-214, bismuth-214 and polonium-214, and differ from radon in a variety of ways. Radon
decay products are solids, and are strongly attracted to surfaces, therefore attaching themselves to
walls, floors and dust particles. Since they attach to dust particles, they are removed from the air by
particulate filtration. They are also emitters of alpha radiation, and when attached to dust particles,
may be inhaled and deposited in the lung, leading to alpha radiation exposure of the lung. Scientists
have concluded that long-term alpha exposure of the lung can cause lung cancer, but there is
considerable discussion regarding the ability of very low radon levels to cause lung cancer.

UNITS OF MEASUREMENT

Because radon and its decay products have different properties, they have different units of
measurements. Radon gas is measured in picocuries per liter (pCi/L). The unit “working level”
(WL) is used to express the concentration of radon decay products. Since radon transforms to these
decay products, the concentrations of radon and its decay products are equal and the decay products
reach their maximum concentration only under equilibrium or “closed box” conditions. These
conditions are rare in nature, however. For simple indoor measurements, 50 percent equilibrium is
assumed, and it is generally accepted that 200 pCi/L of radon gas is equivalent to 1 WL.
Measurements made outdoors, in mines, or under conditions when dust particle concentrations are
artificially low, require that working levels be measured directly. A working level monitor is
appropriate for this purpose.

A working level month (WLM) is a unit of cumulative exposure first used to describe exposure of
uranium miners to radon decay products. One WLM is equivalent to continuous exposure to 1 WL
for 170 hours. The current occupational exposure standard set by the Mine Safety and Health
Administration is 4 WLM per year. Unless otherwise specified in this report, the term radon is

‘meant to include both radon and its decay products.

FACTORS INFLUENCING RADON LEVELS

Radon levels in houses fundamentally depend on two parameters. These are the rate of gas entry
into the house from soil and the rate at which the radon escapes from the house. Among factors
contributing to the entry of radon from the soil are the concentrations of radioactive elements in the
underlying soil; soil permeability and moisture content; and pressure differentals between the house
and the soil. Under conditions where house pressure is less than soil pressure, radon will flow into
the house at a higher rate than normal diffusion. Pressure differentials are influenced by weather
conditions, heating, ventilation and air conditioning systems, household appliance use and house
construction features.
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An example of the effect of the barometric pressure alone is shown in figure 1, where the radon level
on a lawn was measured by IDNS over a three-day period and found to vary over an order of
magnitude. In addition, IDNS measured variations of similar magnitude in indoor radon decay
product levels. In this case, & working level monitor was used because this instrument is capable of
providing hourly readings. The data for twa houses chosen for illustrative purposes only, shown in
figures 2 and 3, demonstrate the variability with time as well as the variability from one house to
another.

Construction features increasing the rate of radon entry into houses are open sump pumps, basement
drains and full or half-size crawl spaces that are open to the underlying soil. Any of these features,
when associated with a pressure differential between the house and soil, will tend 10 increase the rate
of radon entry.

Energy efficient homes minimize the exchange of air with the outdoors, thereby conserving heat in
the winter and cool air in the summer. These conditions also inhibit radon escaping from the house.
In a previous attempt to correlate radon levels with these conditions, however, Nero found energy
efficient homes do not necessarily have elevated levels of radon, although a reduction in air exchange
raies may increase already elevated levels (Nero, 1984). Low air exchange rates will also tend 10
distribute the radon more evenly within the house. Current data by Cohen and Gromicko indicate
that older, drafticr houses probably do not trap and retain radon well and therefore do not usually
exhibit elevated radon levels (Cohen and Gromicko, 1988).

The correlation between high radon concentrations and the geology of the underlying soil has been
the subject of much investigation since the issue of indoor radon exposure gained national
prominence in 1985. This was triggered by the identification of houses with high indoor radon
levels in eastern Pennsylvania. These homes were located on a geological structure known as the
Reading Prong, which in part consists of formations of uranium-bearing granite. This distinct
geological contribution to the radon concentration in this area focused national attention on geology
as & major contributing factor to radon exposure.

Despite the number of studies conducted to date, much of the daa are inconclusive or contradictory.
Of the many factors discussed above, few are well understood. Thus, it is difficult to predict radon
levels in any particular home with certainty.

HEALTH EFFECTS OF RADON

Numerous studies of underground uranium miners exposed 10 radon decay products show an
increased risk of lung cancer in comparison with populations not occupationally exposed. The
results of epidemiological studies of miners in several countries have been compiled and analyzed by
many scientific and regulatory groups.

One of the most recent and comprehensive reparts on the health effects of radon and its decay
products was published by the Committee on the Biologica! Effects of Jonizing Radiation of the
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National Academy of Sciences (National Academy of Sciences, 1988). The committee reponed that
although the hazards of exposure during mining are well recognized, the hazards of exposure in
other environments such as homes, schools and offices are not yet quantified adequately.
Mathematical expression of the risk is complicated by other factors such as cigarette smoking, which
is also linked to cancer. The American Cancer Society estimates smoking is responsible for 83
percent of all lung cancers (American Cancer Society, 1987). Many scientific groups are
investigating the theory of a synergism between tobacco smoke and radon increasing lung cancer
risk.

The National Council on Radiation Protection and Measurements also reviewed health data from
miners and developed a model for predicting lung cancer deaths from exposure to radon decay
products. This model predicts about 130 fatal lung cancers per million person-WLM, which means
the lung cancer risk over a lifetime of exposure to 4 pCi/L of radon is about 1 chance in 119
(National Council on Radiation Protection and Measurements, 1984).

U.S. EPA RISK FACTORS

The EPA is charged with responsibility for setting national standards for exposure to radiation and
assumed the federal leadership role for indoor radon issues. The agency recommended a remedial
action level of 4 pCi/L for residences. While the EPA believes that no level of radon can be
considered risk free, the agency is advising homeowners to reduce the levels of radon in their homes
as low as possible, within the limits of the state-of-the-art in radon reduction technology. EPA,
using its own methods for calculating cancer risk, estimated that 22,000 of the 130,000 annual lung
cancer deaths may be due to exposure to indoor radon. The EPA model predicts about 360 fatal
cancers per million person-WLM (U.S. Environmental Protection Agency, 1990). This is somewhat
higher than the BEIR IV model estimate of 305 fatal cancers per million person-WLM (National
Academy of Sciences, 1988).

In summary, although most scientific groups agree evidence supports the link between radon
exposure and an increased risk of lung cancer, there is still considerable discussion over quantitative
estimates of the risk, particularly at lower concentrations typical in residences. This is consistent
with disagreements among scientists regarding links between low levels of ionizing radiation and
other types of cancer.

EPIDEMIOLOGIC STUDIES

There is considerable debate over the preferred method for conducting epidemiologic studies for
determining the health risks of radon exposure. EPA has criticized studies for alleged design flaws
other than those which show a correlation between radon exposure and lung cancer. In arecent
article, Conrath from EPA dismissed the findings of epidemiologic studies that are group studies
(Conrath, 1990). An example of such a study was conducted by Cohen, who compared average
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radon concentrations with lung cancer death rates by county (Cohen, 1988). Conrath cites the failure
of such studies to recognize the mobility of American families and to recognize the wide range of
radon results which can be obtained within & given county.

The New Jersey Department of Health recently completed a case-control study of radon in lung
cancer among New Jersey women (New Jersey Department of Health, 1989). This study is one of
the first large-scale studies based on actual measurements in homes and associated smoking data.
The swdy found a weak correlation between radon exposure and lung cancer for exposed women.
Although the authors acknowledge a number of problems with their own data and the data collection
approach, Conrath prefers such case-control studies to group studies.

The IDNS screening study data has been targeted by investigators wishing to conduct group
epidemiologic studies using Illinois cancer death statistics. IDNS has thus far declined to participate
in such studies or supply data for such studies due to the scvere limitations of the data set.

DETECTION AND MEASUREMENT OF RADON

There are two kinds of measurements: screening and follow-up monitoring. Screening
measurements are taken quickly to determine whether a house has a potential radon problem. These
measurements are usually done in the lowest living area of the house, in order to detect the highest
level. According to EPA protocols, if the screening result is greater than 4 pCi/L., follow-up
measurements are recommended. The objective of follow-up measurements is to estimate the long
term average radon concentration in living areas so that informed decisions can be made about risk
and the need for remedial action. This is done by placing detectors in at least two locations of high
occupancy. For homes with a screening result between 4 and 20 pCi/L., long term (12 month)
monitoring is appropriate. For homes with screening results above 20 pCi/L., immediate follow-up
measurement (1 to 9 month) is urged.

There are many types of detectors commercially available to measure radon and its decay products.
The most common types of detectors used for radon screening are charcoal canisters and alpha track
detectors. Charcoal canisters are placed in buildings for a short time period, usually two to seven
days, to trap radon gas. The canisters are then sent to a laboratory for analysis of radiation emitted
from the trapped radon. This detection method is quite sensitive, but does not allow for monitoring
over a long period of time. Thus, individual peaks or valleys in radon concentration like those
shown in figure 2 could be measured instead of meaningful everage concentrations. Alpha track
detectors contain a strip of plastic film inside a canister, and directly measure the radiation emitted by
the radon. Since the radiation exposure is cumulative, these can be used for Jong periods of 1ime,
typically from one to 12 months. Alpha track detectors are less sensitive than charcoal, but can be
used to obtain average concentrations over longer periods. The exact time they are left in a house is
less critical than with charcoal canisters. The long-term average concentrations can be used 10
estimate radiation exposure levels, whereas the short-term values measured by charcoal canisters
cannot be convenied to reliable exposure levels of the occupants of a house.



IDNS studied a group of 25 homes with both charcoal and alpha wrack detectors placed side by side.
The frequency distributions for the two types are shown in figure 4. They show similar, although
not identical patterns. The shape of the curves highlights the finding that while 43 percent of these
homes screened exceeded the EPA guideline, very few had significantly elevated levels. The
charcoal curve exhibits a wider range of results, which reflects the inability of charcoal to integrate
and average over a long time period. Data for the individual homes are shown in table 1. Note that
a charcoal canister significantly overestimated the radon level in house number 17, while the
concentration was underestimated in house number 18. Because of this limitation, and other
logistical problems associated with charcoal canisters, IDNS performed most of its screening with
alpha track detectors.

One of the newest radon detection devices is called the electret ion chamber (EIC). The EIC was
described by Kotrappa (Kotrappa, 1988) as using an electrically charged disk in conjunction with a
conductive volumetric flask (ion chamber) to indirectly measure the concentration of radon in
ambient air. The electret is a true radon integration method and can detect radon at a wide range of
concentrations. The electret is treated to hold an electrostatic potential that attracts oppositely charged
ions collecting on the electret surface, thereby reducing the electrostatic potential. The decrease in
surface potential measured after exposure is directly related to the radon concentration over the
sampling period. The ion chamber acts as a collection chamber and is designed to allow radon gas to
enter the unit by diffusion.

Electrets were used to pass the EPA proficiency testing program. Results can be read directly in the
field or the units can be stored intact and analyzed later. Accuracy of the monitors is not affected by
normal temperature or humidity. The same chamber can be used with a different electret for a length
of time ranging from two days to one year. The instruments are small, portable, rugged and easy to
use. The monitors are reusable down to approximately 200 volts. Although an electret with
chamber can be purchased for $60, a reader is $1500. Sensitvity to background gamma radiation
requires background checks and subtraction of that voltage due to the gamma component. An
interim protocol was established by EPA for the use of EICs (U.S. Environmental Protection
Agency, 1989). IDNS recently purchased a set of electrets, and will report on experience with these
devices in a future report update.

Follow-up measurements can be done by using alpha track detectors over a 12-month period, or can
be done using a series of four quarterly measurements. Quarterly measurements can be taken using a
continuous working level monitor (CWLM), or can be done using 4-day charcoal detectors. A
CWLM is an electronic device which measures radon decay products, provides results on an hourly
basis and integrates over a 4-day period. This instrument samples the ambient air by filtering
airbomne particles and then counting the alpha particles produced by the radon decay products. It
may be important to conduct long term follow-up measurements due to seasonal variatons. Winter
radon concentrations are typically twice as high as summer concentrations, as illustrated in table 2.
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This table also supponts the EPA recommendation that follow-up measurements be conducted on all
occupied levels of the house, since basement radon levels usually substantially exceed those on the

first and second floor.

One advantage of the CWLM is that it can be used for detecting localized radon sources on-site.
Another is that it can be used o monitor fluctuations in radon concentration with respect to time. The
CWLM does, however, require a trained operator, is expensive and is not easy 1o calibrate. Most of
the IDNS follow-up measurements were done using alpha track detectors, but a CWLM was used in
situations where diagnostic or quick measurements were needed.

MEASUREMENTS MADE FOR REAL ESTATE PURPOSES

It is becoming common for residential real estate transactions in the Chicago suburbs to include a
radon test. This test is commonly called for in cases where a relocation company is involved, but is
being specified by potential private buyers as well, Many of these tests are requested on shon notice
and must be done using short term devices such as three day charcoal canisters. Some tests are
conducted on extremely short notice and are done using grab samples or other 24 hour methods.
This precludes any long term measurement and bases the decision on a screening measurement rather
than an annual average measurement, In this case 4 pCi/L on a short term screening has become a
de facio standard and protocol for the sale of a propenty. Both EPA and IDNS discourage the use of
such short measurement results as the sole basis for decision making. This is perhaps the most
serious problem facing radon measurement professionals today. A consensus standard and protocol
is needed for conducting measurements necessary to satisfy the provisions of a real estate contract.

THE ILLINOIS RADON SCREENING PROGRAM

IDNS designed its radon program as a joint state/local effort wherever possible. To facilitate this
effort, training programs for local government personnel were held in areas where these groups were
interested, and radon monitoring was conducted as a joint study. IDNS completed such training
programs in the city of Chicago and in more than 80 counties throughout the state, usually involving
local or regional public health or environmental health agencies.

The first phase of the program was screening Illinois residences using alpha track detectors. The
detectors were deployed for no less than two weeks, but no greater than three months. For logistical
purposes, the statewide screening was conducted on a county-by-county basis. The number of
detectors placed in each county was determined by using geographical and population density
considerations but limited by the resources of the department. A minimum of 30 detectors were
placed in each county screened with at least one detector per township. In counties with city
populations representing a majority of the county, the city was allocated an additional 30 detectors.
Greater numbers of detectors were allocated to the six northeastem counties, due to & high population
density. The number placed was proportional to the county population.



IDNS SCREENING PROTOCOL

Detectors were placed in basements whenever possible according to EPA protocols. Houses with no
basements were screened using first floor measurements. Some of the houses received detectors for
both the basement and the first floor so that a basement/first floor ratio could be calculated. This was
important in developing an expression for the average annual exposure. Most of the measurements
were taken during the heating season. Although homeowners were not instructed to create antificial
closed-house conditions, as they would during a 2-day charcoal screening, it is assumed that most
homeowners kept their doors and windows closed during the winter.

Homeowners participating in the screening were interviewed using a questionnaire that included
questions on the structural features of their homes and use of living areas and appliances. The
results of the interviews were compiled and related to the results of the screening measurements.
Screening measurement results were forwarded to the homeowners and to IDNS.

EPA recommends follow-up measurements for any house which has a screening result of greater
than 4 pCi/L, and a decision to mitigate be made on the basis of an annual average exposure. This
value can be measured using a single alpha track placed for a year or can be made using a series of
shorter measurements. The higher the exposure rate, the sooner mitigation should be performed.
IDNS recommended homeowners conduct follow-up measurements in any home which had a
screening result of 4 to 20 pCi/L.. For homes which had a screening result greater than 20 pCi/L,
follow-up measurements were offered by the department to verify the screening result and to
determine whether radon mitigation efforts should be recommended.

To standardize this process, the average annual exposure of the residents was calculated using a
weighted average of the winter basement screening result and the spring living area follow-up
measurements. The relative weights were based on comparisons of 728 three-month measurements
with year-long measurements made in the Reading Prong area (Granlund and Kaufman, 1988). If
the weighted average was greater than 8 pCi/L, then the homeowner was advised to take remedial
action without further delay. If this average was between 4 pCi/L and 8 pCi/L, then an additional
six-month measurement was recommended. Combined results of all measurements were then used
to determine whether mitigation was indicated.

SCREENING RESULTS AND DISCUSSION

As of September 1990, IDNS had performed screening measurements in 4,063 homes in 98 Illinois
counties, as illustrated in figure 5. These screening data are summarized in table 3 and are broken
down by county in table 4. The current data indicate 39 percent of the basements tested have radon
levels that exceed the EPA guideline of 4 pCi/L and 11 percent of the first floor areas have such
levels. In all, 1,263 measurements taken exceeded 4 pCi/L.. This is about 31 percent of the total.

The sample of houses screened to date is a small fraction (about 0.16 percent) of the 2.5 million
privately owned houses in Lllinois, but if this sample is representative, about 775,000 of the houses

9
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in the state may have elevaied basement levels and 275,000 houses may have elevated first floor
levels. Since this is a significant number of homes from both a public health and an economic
standpoint, and since there are yet no methods that reliably predict the radon concentration in a given
house, IDNS continues to recommend that all homeowners conduct radon tests. The frequency
distribution of the data is shown in figure 6. The data suggest a log-normal distribution. This is in
agreement with the data presented in figure 4, and is consistent with Cohen’s analysis of data taken
nationwide (Cohen, 1986).

RESULTS OF OTHER STUDIES

The EPA conducted a seven state joint EPA/state radon screening program in 1988 (U.S.
Environmental Protection Agency, 1988). The study indicated that from 7 to 45 percent of the
houses in those states have the potential for elevated radon levels, as compared 1o the current 1linois
combined estimate of 38 percent. IDNS plans to participate with the EPA in a joint screening during
the 1990-91 heating season. The results obtained during the EPA study cannot be compared directly
10 those obtained by IDNS because the EPA studies are performed using charcoal canisters,

Earlier results compiled by & major supplier of alpha track detectors showed 30 percent of all radon
measurements across the country were above the 4 pCi/L level (Terradex, 1988). These results are
in good agreement with the radon levels in lllinois homes. The average concentration of indoor
radon in this study, 3.9 pCi/L, is approximately equal to the EPA guideline.

EFFECT OF HOUSE CONSTRUCTION CHARACTERISTICS ON INDOOR
RADON

A closer examination of the distribution of radon results by house construction characteristics was
done to develop a better understanding of the behavior of radon in various types of homes. The
following information was provided by homeowners and compiled in a database along with the
screening results:

- age of house;

- type of substructure (basement, slab or crawlspace);

- primary heating source (gas, oil, electric, others);

- basement characteristics such as cracks or drains; and
- crawlspace characteristics such as exposed earth,

Homeowners were also asked to rate their home subjectively according to its energy efficiency on an
arbitrary linear scale.

An attempt was made to correlate these features and characteristics with either high or low radon
concentrations. Results are presented in table 6. There are weak correlations between some of the
features studied and radon levels and absolutely no correlation with other features which are
commonly thought to influence radon levels.

10
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The age of the house was not a good indicator. Homes less than 15 years old should be more energy
efficient than older homes but no increase in radon concentration was found in these homes. On the
other hand, homes greater than 50 years old are thought to be drafty but were not significantly lower
in radon concentration. Unfortunately more than 86 percent of the homeowners in the study rated
their home energy efficiency as “good” or “excellent;” so little could be drawn from this information,
although the average level in these houses (4.0 pCi/L) was slightly higher than those rated “not at all”
or “somewhat” energy efficient (3.1 pCVL).

Although successful radon mitigation efforts aimost always depend on a well-sealed basement floor,
there was little evidence that houses with basement floor leaks and cracks automatically have high
radon concentrations. The presence of exposed earth either in a basement or accessible crawlspace
seemed to be a common factor in many of the higher concentration homes. Homes with crawlspaces
that are fully ventilated and not accessible from the basement tended to be lower in radon than the
average.

Several studies have failed to show a correlation between certain home construction features and high
radon concentrations. A survey conducted by Cohen of 453 houses in 42 states found only weak
correlations between radon levels and home construction features (Cohen, 1986). One of Cohen’s
conclusions was that geological factors might control radon levels to a greater degree than
construction features. This poor correlation precluded public health officials from focusing efforts
on specific types of houses or ruling out radon problems for significant numbers of homeowners.

EFFECT OF GEOLOGICAL FACTORS ON INDOOR RADON

It is not clear whether there are any particular geological formations in Illinois which contribute to
high radon exposures. There is no evidence of any areas with radium concentrations similar to those
in the Reading Prong area, but radium levels do vary across the state and Illinois soils do exhibit
varying permeability and moisture content. Some investigators tried to link the National Uranium
Resource Evaluation (NURE) data with indoor radon levels, but the NURE data is useful only for
locating uranium and other nonspecific gamma ray anomalies.

Since IDNS did not have the resources to study geological factors directly on a statewide basis, the
original approach was to rely on the statewide screening program to identify clusters of homes with
elevated radon levels. This was to be done by screening neighborhoods around homes with
confirmed radon levels above 20 pCi/L.. It was then planned to study the geology in these local
areas. Due to lack of resources, this neighborhood screening program was postponed. As indicated
in table 3, the department identified about 44 neighborhoods that should be studied.

There are no known areas of the state which exhibit consistently elevated radon levels, such as those

found in Pennsylvania. The highest result recorded was 75.6 pCi/L in DeWitt County. Although no
other homes in that county were above 20 pCi/L, the average result for the county was about
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7 pCi/L. Other very high values were found in the state but they were due to the disposal of radium
wastes and not due to natural conditions.

1linois screening data identified reglons of the state that exhibit higher than average radon
concentrations. These regions are in north central and northwestern Illinois. IDNS identified 18
counties where the majority of the screening measurements were greater than 4 pCi/L (see figure 7).
The Chicago area was not identified as a problem arca relative to the rest of the state, but there may
be small local areas of higher than average radon. IDNS has attempted to develop a simple
description of the geographical boundary of the area of greatest concern. This proved difficult.
Note, however, that the area with zip codes beginning with “‘61" are about twice as likely to have a
screening measurement in excess of 4 pCi/L than areas with 2ip codes beginning with “60™ and “62".

RADON IN SCHOOLS

Not all personal radon exposure can be attributed to private residences. Studies are in progress to
determine what fraction of personal radon exposure is due to exposure at home. Some factors that
allow radon to enter houses also apply to commercial and public buildings. Some public buildings
are of particular concern due to potential radon exposure 1o children. Because of this concern, IDNS
initiated a screening program for schools. The program has had two phases thus far. In the first
phase, for each of 21 counties screened, two clementary schools were selected for participation. Six
detectors were placed in each school with at least two detectors placed on each level. Detectors were
placed only in areas frequented by students, such as classrooms, librarics and lunchrooms. Some
basement areas fell into this category. Detectors were left in place between one and two months.
Screenings, conducted on this limited basis, indicate about 25 percent of the student areas contained
radon levels exceeding 4 pCi/L.

Most recently, IDNS performed long term alpha track measurements in all public schools in Clark
and Wayne counties. A total of 25 schools were tested. Only one student area had radon levels in
excess of 4 pCi/L. Daia for all schools are listed in table 7.

IDNS has been involved in screening, follow-up and diagnostic measurements at & group of Peoria
schools since February 1989. At that time, IDNS placed 125 EPA charcoal detectors in six schools
for a three-day test. The results ranged from 0.5 to 19.6 pCi/L,. Follow-up tests were conducted by
IDNS using alpha track detectors in 26 student areas that had screening results in excess of 4 pCi/L..

In November 1989 the EPA Office of Research and Development (ORD) proposed a project to
perform diagnostic measurements in schools to develop effective mitigation strategies. EPA Region
V suggested a group of Peoria schools that were 1ested during the February 1989 study be
considered for the ORD School Diagnostics and Mitigation Strategy Project. IDNS contacted Peoria
School District 150 administration, who agreed to participate. EPA and TDNS representatives
conducied a walk-through audit and made radon diagnostic measurements at the Harrison, Tyng and
Calvin Coalidge schools and determined these schools were suitable for the ORD project.

12



In February 1990, the IDNS officially proposed to ORD that the Peoria schools should be
considered for the project. IDNS staff recommended the radon levels in one room of Harrison and
Tyng and three rooms in Calvin Coolidge be reduced to below 4 pCi/l based upon their three-season
averages. In May 1990, the ORD team performed the diagnostic measurements in Harrison, Tyng
and Calvin Coolidge schools. The team reviewed the diagnostic data and developed a report that
recommends an optimum radon mitigation strategy for each school. The report suggests the radon
problems are caused to some degree by inoperable HVAC systems.

Schools aré not yet required by either federal or state law to test for radon. However, IDNS
encourages all schools to conduct screenings for the same reasons home testing is recommended.
Some school districts voluntarily tested for radon, but many others are reluctant to do so for two
reasons. First, while radon screening costs may be relatively low, school officials do not believe
they have sufficient resources to mitigate radon problems if they are discovered. Secondly, since
there are no mandatory protocols for radon testing, school officials are concerned that tests
conducted now may not be valid once mandatory protocols are adopted. Even when voluntary tests
are conducted, school officials are reluctant to disclose results to IDNS. As a result, IDNS has little
information regarding the scope and results of voluntary testing.

RADON IN PUBLIC BUILDINGS AND IN THE WORKPLACE

Very little testing in public buildings and workplaces has been conducted. As with private
residences, commercial properties are being tested for radon when sold, but there is not a significant
effort on the part of employers to characterize employee workplaces. To our knowledge, the
Occupational Safety and Health Administration has not made radon exposure a high priority
compliance item. More research is needed to determine the nature and extent of radon problems in
commercial and industrial structures.

The Llinois Secretary of State (SOS) is the custodian of many of the state government buildings in
Springfield. IDNS and SOS conducted a screening study of 26 buildings in Springfield in 1989.
The results ranged from 0.3 to 15.2 pCi/L.. As a result of this screening, IDNS recommended
follow-up measurements be made at three locations. SOS took follow-up steps at all three locations.

“The most interesting mitigation was conducted in the basement of the state capitol. Grab samples in
the electrical shop of the capitol ranged from 13.4 to 21.7 pCi/L. The capitol is a complex structure
with underground passageways and ventilation plenums exposed to soil. Very little fresh air was
being routed to the shop area. In this case, changes in the HVAC system were needed to solve the
radon problem in the shop and bring radon concentration down below 4 pCi/L.

REDUCING RADON EXPOSURE

The objective of the statewide radon program is not only to identify any problems related to radon
exposure, but to provide recommendations for remedial action to reduce radon exposure. Most
IDNS follow-up studies in houses with elevated radon levels involve evaluating causes, as well as
confirming screening measurements. Radon is not only a significant public health issue, but also an

13
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economic issue. If 31 percent of llinois residences ultimately prove to have levels greater than 4
pCi/L, this translates 10 about one million homes. The cost of reducing radon levels could range
from $200 to $2,000 or more per home, meaning a potential cost of $200 million to $2 billion to
Iilinois citizens. These cost estimates apply only 1o private residences and do not include public or
commercial buildings.

The EPA prepared guidelines for reducing radon levels in private residences (U.S. Environmental
Protection Agency, 1987) but many of these techniques are still in the experimental stage. The
selection of an appropriate and cost-effective radon reduction technique requires that the radon entry
routes be well understood. This understanding is accomplished by conducting a visual inspection
which may be accompanied by local diagnostic radon measurements. Measurements usually indicate
whether a simple remediation method will be sufficient or whether several methods need to be
combined to achieve acceptable results.

RADON REDUCTION METHODS

Several radon reduction methods have been used successfully in the United States. One simple
method 10 prevent radon from seeping into a house is to seal all cracks and openings in basement
floors and walls. Sealing such cracks is often an important preliminary step even when other, more
complex methods are used. Sealing cracks alone may result in only moderate to small reductions in
radon concentrations. The cost of sealing a basement is typically about $500.

Another simple method is to ventilate a basement or crawlispace to replace the radon with fresh air,
which contains radon at lower concentrations. However, an architectural society expressed concern
about the applicability of this technique in the colder midwestern climate since natural ventilation
could cause frozen pipes during the winter. To conserve hear, & ventilation system can be coupled to
an air-to-air heat exchanger 1o use the heat in the outgoing air to warm the incoming air. Heat
exchange units cost about $1,500 including installation.

In cases where ventilation is impractical or not cost effective, it may be necessary to ventilate below
the slab or ventilate the block wall of a basement area. This method exhausts radon to the outdoors

before it reaches the living space and also helps reduce the pressure differential between the subslab
and the basement, All basement cracks must be well sealed in order for this method to be effective.
A complete system can cost $2,500.

A similar method for exhausting radon to the outdoars, before it reaches the living space, involves
ventilation of drain tiles. Drain tile systems are typically installed 10 keep water from pooling around
the foundation of a home, but can also be used to remove radon gas from this area. When properly
used, these systems can be very effective. Installation costs in existing homes can cost $1,500.

While it may seem that some of these devices could be installed by the average handyman, IDNS
recommends that homeowners consult with experienced professionals before attempting any radon
mitigation,

14



IDNS EXPERIENCE IN RADON MITIGATION EFFORTS

In 1988 IDNS staff completed a remediation project at a home in Schaumburg. At the request of the
village of Schaumburg, IDNS provided technical assistance including evaluation of the radon levels;
diagnosis of the source; and routes of entry and recommendations on a reduction method. Grab
sample measurements indicated that a basement sump and the heating ductwork beneath the slab-on-
grade portion of the house which penetrated the adjacent basement wall were the major entry routes.
Sealing the sump hole and other minor radon entry routes was not effective in reducing the basement
radon levels to below 4 pCi/L. A drain tile ventilation system using the existing drain tile loop and
sump hole was then installed. This active system reduced the radon levels to about 2 pCi/L. Details
of this mitigation effort are reported elsewhere (Hamel, 1988).

At the request of the Illinois Department of Energy and Natural Resources (ENR), IDNS monitored
radon levels and assisted in a remedial action project at the Springfield Energy House. This house
was designed and built by ENR to demonstrate the value of energy efficient building techniques and
features. The features include a super-insulated shell to reduce heat loss and an underground ice
storage cooling system to provide air conditioning in the summer (Illinois Department of Energy and
Natural Resources, 1987). Since it is suspected that homes with low air exchange rates have high
radon levels, the house was screened and found to have high concentrations in localized areas. The
main route of entry for radon was the penetration from the basement to the ice storage unit. Once
this penetration was sealed, an annual follow-up measurement was made. The average general living
area concentration was found to be 3.8 pCi/L.

IDNS is concerned about the availability and reliability of radon mitigation contractors. Currently
there is no requirement for radon mitigation contractors to register with the state, nor is there a
mandatory certification program run by the federal government. IDNS recommends that
homeowners employ contractors who have successfully completed the EPA Radon Contractor
Proficiency Program. This program is available to Illinois contractors through the Midwest
Universities Radon Consortium (MURC). Some radon mitigation work is currently being done by
contractors with previous experience in home renovation and remodeling, but whose education and
experience in radon detection and mitigation techniques are not known.

PUBLIC EDUCATION PROGRAMS

A major objective of the Illinois program has been to inform and educate the public about radon. As
part of this program, IDNS provides basic information about indoor radon and its associated health
risks, together with information about radon monitoring. A total of 30 presentations were given
between January 1989, and July 1990, on general radon awareness. Another 30 presentations were
given in conjunction with the statewide residential radon screening study. These presentations were
designed to train local volunteers to place radon detectors in accordance with IDNS protocols and to
complete the documentation needed for the study. Because the results of the statewide monitoring
program cannot be used to predict radon levels in specific houses, IDNS encourages occupants to
monitor their own houses and to report high results to IDNS.

15
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In order to facilitate this process, IDNS distributes a list of firms supplying devices that passed the

EPA radon monitoring proficiency test. A variety of additional radon-related instructional materials
have been distributed to the public, including over 15,000 copies of the “Citizens Guide to Radon™

(1986 edition) prepared by the EPA and reprinted by IDNS.

Information available about radon mitigation is not as valuable. There is a lack of qualified radon
mitigation contractors and a lack of methods for evaluating which contractors are quatified. Atthe
federal level, the EPA has started a radon contractor proficiency program, but participation is
voluntary and therefore limited. There is no contractor training or certification program in Illinois,
nor any requirement for follow-up measurements. IDNS has received citizen complaints against
contractors, but the department does not have any regulatory authority over radon mitigation
contractors. Both specific regulatory authority and the resources to provide training to contractors
would provide significant consumer protection and increase public confidence in the program.

From July 1986, to February 1988, the department funded and staffed a toll-free radon information
“hotline” to provide information on radon to Olinois citizens. During this period, an average of 500
calls per month were received. Funding and staffing were suspended for this program in 1988 but
resumed in August 1990,

In March 1987, the department sponsored & conference on radon, radium and environmental
radioactivity. One full day was devoted to talks on radon in homes, radon risk evaluation, geological
considerations, monitoring procedures and mitigation techniques. The conference was designed for
Lllinois citizens, public health agencics and environmental groups, and was attended by about 500

people.

County and other local government agencics have expressed interest in assisting with public
education, but have limited resources to conduct large scale programs. IDNS supplies these agencies
with speakers, technical advice and printed information for distribution by their offices.

[ILLINOIS LEGISLATION

Two key pieces of radon-related legislation were passed during 1989, The Radon Mitigation Act
authorizes the IDNS 10 establish and coordinate a comprehensive program for detecting and reducing
the amount of radon in homes and other buildings in Illinois. The act exempts radon results obtained
by TDNS from disclosure requirements of the Freedom of Information Act. This is an important step
forward allowing IDNS staff to continue radon studies while protecting the participants’ property
values. The bill also enabled IDNS to secure independent general revenue funding from the Illinois
General Assembly for radon related projects.

House Bill 1611, “An Actin Relation to Radon Testing”, authorizes IDNS to establish a registration
program for persons selling any device or performing any service for compensation to detect radon
or its decay products. The program is intended 1o regulate those who place passive detectors in
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structures or who perform measurements using working level monitors, grab samplers and other

active methods. Rules for implementation of this program (32 Illinois Administrative Code 420)

were published in the Illinois Register on November 30, 1990. IDNS estimates there will be 300
registrants in this program. ’

IDNS SPONSORED TRAINING

In anticipation of the implementation of these rules, IDNS and the MURC co-sponsored three
training sessions on radon measurements for potential registrants. The sessions were held in Mt.
Vernon, Bloomington and Des Plaines during the week of April 9, 1990. A total of 110 people
attended, but the sessions were overbooked by a considerable margin. IDNS plans to repeat the
sessions as soon as the rules are final.

EPA GRANT

On May 1, 1990, IDNS was awarded a grant under the State Indoor Radon Grants program
administered by the EPA. Under the provisions of the grant, IDNS will undertake a greater number
of projects than it would using only state funding. Some of these projects include participating in the
EPA/state screening program; providing a limited number of free radon detectors to low income
school districts identified by the state Board of Education; coordinating a school mitigation
demonstration project; and conducting a study of Illinois building codes as they relate to radon
resistant new construction.
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CON{C LUSIONS

1. IDNS has performed radon screening measurements in approximately 4,100 homes in 98
counties. Results indicate about 31 percent of all homes tested have radon levels greater than the
EPA standard of 4 picocuries per liter. The screening program identified certain areas in Lllinois
with significant percentages of homes with screening results in excess of the standard that merit
additional study.

2. Schools are not yet required 10 conduct radon testing, IDNS has little information regarding the
scope and results of voluntary testing, but is concerned that the uncertainties regarding costs of
mitigation and testing are forcing school officials to postpone testing until it is mandatory.

3. IDNS is providing a wide variety of educational information in response 10 public inquiries. This
effort is, for the most pan, a reactive effort and therefore limited in scope. Although radon has
received considerable publicity, most members of the public sdll need basic information about
radon. News reports and public service announcements provided by the media have been either
misleading or ineffective.

4. The registration and training of persons performing radon measurement services are good initial
steps toward assuring consumer confidence in radon services in Illinois. Radon mitigation
services are still not covered under the program. '

5. Radon reduction in homes is still primarily a post-consgruction activity in lllinois. There is no
significant effort on the part of builders or architects to incorporate radon resistant features in new
construction.

6. Radon measurements made for the purpose of satisfying provisions of a real estate contract are not
being conducted according to any specific protocols or quality assurance guidelines. This causes
considerable difficulty for homeowners whose transactions depend on accurate results.

Erroncous results may cause delays in the transaction, or may force a homeowner 10 install costly
mitigation equipment where it is not needed.

18



RECOMMENDATIONS

. Complete the radon screening of all Illinois counties. Four counties remain to be screened before

the project is considered complete.

. Conduct follow-up studies in neighborhoods where local clusters of homes with potential radon

problems are suspected. This would help to identify localized areas where the geological
conditions could be studied.

. Encourage and support voluntary testing by schools. This could be done by conducting

briefings for school administrators, conducting mitigation demonstration projects and by
providing free detectors to a limited number of low-income school districts.

. Continue to develop more active approaches to public education. This might include providing

radon information to large numbers of schools and libraries. More effort is needed to educate the
media as well. IDNS staff should continue to respond by sending radon information to members
of the media and by making department representatives available for interviews.

. Develop and implement a certification program for persons or companies who perform radon

mitigation services. Although EPA conducts a voluntary program, Illinois has no mechanism for
formally recognizing participation in the program. In conjunction, IDNS should continue to
develop and conduct training programs for those who offer mitigation services as well as
measurement services.

. Evaluate the need for changes in building codes in Illinois, since the construction of radon

resistant structures is the only long term solution to the indoor radon problem. 1llinois should
follow the lead of states in the eastern U.S. that have adopted radon resistant features in building
codes.

. Work with EPA and with the Illinois Association of Realtors to arrive at a consensus regarding

protocols and quality assurance associated with radon measurements made for real estate
transactions.

19



63 €641 IL :KERR-MCGEE CHEMICAL~WCHG FAX:7C&-231-38¢C

PRGE 11

REFERENCES

American Cancer Society, “Cancer Facts and Figures - 1987," 1987.

Cohen, B. L., “A National Survey of 222Rn in U.S. Homes and Correlating Factors,” Health
Physics Vol. 51, Number 2, 1986.

Cohen, B. L. and Gromicko, N., “Variation of Radon Levels in U.S. Homes with Various Factors,”
Journal Air Pollution Control Association, (38:128-134), 1988.

Cohen, B.L., “Correlation Between Mean Radon Levels and Lung Cancer Rates in U.S. Counties:
A Test of the Linear-No Threshold Theory,” EPA 1988 Symposium on Redon and Radon Reduction
Technology, Denver, CO.

Conrath, S.M., “Study Design as a Determinant of Radon Epidemiologic Study Validity,” Health
Physics Socicty Newsletter, Volume XVIII, Number 7, 1990.

Granlund, C. and Kaufman, M., “Comparison of Three Month Screening Measurements with Year
Long Measurements Using Track Etch Detectors in the Reading Prong,” Pennsylvania Depaniment of
Environmental Resources, Bureau of Radiation Protection, 1988.

Hamel, M. A., “Radon Mitigation in a Schaumburg, Illinois House: A Case History,” IDNS
Internal Report, 1988.

Illinois Depariment of Energy and Natural Resources, “The ENR Springfield Energy Home,” “The
Springficld Energy Home: 2544 Greenbriar,” 1987.

Illinois Department of Nuclear Safety, “Radon in Illinois: A Report to Governor James R.
Thompson from the Governcr's Task Force,” 1986.

Illinois Department of Nuclear Safety, “Radon in Illinois: A Status Report,” IDNS Internal Report,
1088.

Kotrapps, P., Dempsey, J.C., Hickey, J.R., and Sticff, L K., “An Electret Passive Environmental
Rn-222 Manitor Based on lonization Measurements,” Health Physics, Vol. 54, No. 1.

National Council on Radiation Protection and Measurements, “Evaluation of O¢ccupational and
Environmenial Exposures to Radon and Radon Daughters in the United Siates,” (NCRP 78), 1984.

National Research Council, “Health Risks of Radon and Other Intemally Deposited Alpha Emitters”
(BEIR 1V), 1988.

20



Nero, A. V. and Nazaroff, W. S., “Transport of Radon from Soil into Residences,” 3rd International
Conference on Indoor Air Quality and Climate, Stockholm, Sweden, 1984.

New Jersey State Department of Health, ‘A Case-Control Study of Radon and Lung Cancer Among
New Jersey Women,” August 1989.

Terradex Corporation, Personal Communication, 1988.

U.S. Environmental Protection Agency, Office of Research and Development, “Radon Reduction
Methods: A Homeowner’s Guide (2nd Ed.),” (OPA-87-010), 1987.

U.S. Environmental Protection Agency, Office of Radiation Programs, Notice to IDNS, September
1988.

U.S. Environmental Protection Agency, Office of Radiation Programs, “Indoor Radon and Radon
Decay Product Measurement Protocols,” (EPA 520-1/89-009), 1989.

U. S. Environmental Protection Agency, “Technical Support Document for the 1990 Citizen’s Guide
to Radon”, EPA Office of Radiation Programs, 1990.

21



C3-2¢ 'S8 Ce:42 IL :KERR-IMCGEE CHEMICAL-WCHG  FeX 17Ce-ge1-ceel . PeGE 12
Figure 1
OUTDOOR RADON LEVELS VS. TIME
14.00
n
12.00 |
10.00
8.00
mWL
6.00
400 l."!.’lé" P.‘.. i 1]
2.00 s . s 'Mir AT
." G v 38 "hu!nu "‘"""m""",'"'hmu " m,,.nul da |
000 - } } + $ - {
1177 11/8 119 11/10 11/ 1112 11/13

DATE

22



mWL

- mWL

90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00
0.00

25.00

20.00

15.00

10.00

5.00

0.00

Figure 2

RADON DECAY PRODUCTS VS. TIME IN THE BASEMENT

OF AN ILLINOIS HOME

T a
| M
-+ 2N\ / \-‘
] . L
| I\ :
RV
- . a
: \
-+ L \../ l\
- " "". ./.l
o \ an? ol as (LT T
T s % . .'l- : \I l.. “onn®
-l LLLL ./ Yaw'
T ’nul" Semiety
0 10 20 30 40 50 60 70 80 90 100
CUMULATIVE HOURS
Figure 3
RADON DECAY PRODUCTS VS. TIME IN THE BASEMENT
OF AN ILLINOIS HOME
T
s
-+ : U |
iy im |’l'.}\ g l. r.’ [ I
-'r-.l UL !." ] -'. L py T 7
Tae 0 S B oo§ N g | wa 88 sm
® a n . g ‘ e o\ Y " N T
I A Y L T S B T N M
14 g Wl ALY (O A |
1 n 1 e iiim 8 . .
ﬁ L
8
I —te 1 1 ] i 1 1 1 | i |
(3t Tt vrrryrTrirTrri i vy i iy rreryrireyeririrrrTririeys
0 20 40 60 80 100 120 140 160 180 200

CUMULATIVE HOURS

23



Ce:4z D :KERR-MCGEE CHEMICAL-WCHG FRx:7Ce-221-3¢cC FRGE

1z

—
Figure 4
SUMMER BASEMENT RESULTS
12
10 _
> -
Q
&
2 -
B |
2 -
1 ] 1 ] Sl 1 | i R
2 4 8 10 12 14 16 18
RADON (pCifl)
O 4 Day Charcoal B 3 Month Alpha Track
\

24




Figure 5
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Figure 7

Illinois
Screening
Program

December
1990
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Note: This data should not be used to predict
radon results in any particular structure.
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Table 1

SUMMER BASEMENT RESULTS
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Table 2
SUMMARY OF ILLINOIS RADON SCREENING RESULTS BY SEASQN
Fall

# Min Avg Max #>4 %>4 #>20 %>20
Basement 130 0.7 5.2 28.1 §S 42 4 3
First Floor Bedroom 36 1.2 22 34 0 0 0 0
First Floor Living Area 55 0.5 2.2 5.5 4 7 0 0
Total 221 0.5 4.0 28.1 59 27 4 2

Spring

] Min Avg Max 4 %o>4 20 %>20
Bascment 995 0.3 4.1 55.1 339 k%) 12 I
Firs1 Floor Bedroom 213 03 2.1 19.3 15 9 0 Q
First Floor Living Area 171 0.2 1.6 13.7 11 6 0 a
Other 24 0.6 2.3 12.2 3 12 0 0
Total 1403 0.2 34 $5.1 n 27 12 1

Summer

# Min  Avg  Max >4 >4 20 %>20
Basement 136 0.8 52 224 68 S0 1 1
First Floor Bedroom 49 0.7 1.9 39 0 0 0 0
First Floor Living Area 16 08 36 232 3 19 1 6
Total 201 0.7 43 232 N 3s 2 1

Winter

# Min  Avg  Max 4 %>4 #520 %>20
Basement 1659 0.1 4.7 75.6 670 40 26 2
First Floor Bedroom is2 03 26 12.5 62 18 0 0
First Floor Living Area 228 0.09 24 18 29 13 0 0
Other 2 3 30 3 4] 0 0 0
Total 238 0.09 42 75.6 761 M 26 ]
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Table 3

SUMMARY OF ILLINOIS RADON SCREENING RESULTS BY LIVING AREA

Min Avg Max #>4 % >4 #>20 %>20
Basement 2920 0.1 46 75.6 1132 39 43 1
First Floor Bedroom 650 0.3 2.3 193 81 12 0 0
First Floor Living Area 467 0.09 2.1 232 47 10 1 0
Other 26 0.6 23 122 3 12 0 0
Total 4063 0.09 39 756 1263 31 44 1
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Table 4
SUMMARY OF ILLINOIS SCREENING RESULTS BY COUNTY
Adams County
Min  Avg Max H>4 R4 #>20 %>20
Number Result  Resuli  Result pCi/L  pCilL pCiL  pGiL
Bascment 24 0.5 4.1 10.9 1 46 0 0
First Floor Bedroom 19 0.5 24 13.6 2 11 0 0
First Floor Living Area 20 0.5 19 10.1 1 b 0 0
Other 2 0.6 0.6 0.6 0 0 0 0
Total 65 0.5 28 13.6 14 22 0 0
Alexander County
Min Avg Max #>4 %>4 w20  %>20
Number Result  Result  Result pCiL  pCill pCiL pQOIL
Basement 17 ).4 3.5 5.6 6 35 0 0
First Floor Bedroom 5 1.6 2.1 2.9 0 0 0 0
First Floor Living Arca 3 0.5 1.6 33 0 0 0 0
Towl 25 0.5 3.0 5.6 6 24 0 0
Bond County
Min  Avg Max #>4 %>4 #20 %>20
Number Result Result Resull pCil.  pCil pCiL  pCilk
Bascment 13 0.5 24 6.2 3 3 0 0
First Floor Bedroom 10 0.4 1.2 59 | 10 0 0
First Floor Living Area 4 0.6 2.6 58 | 25 0 0
Total pa| 0.4 22 6.2 b 19 0 0
Boone County
Min Avg Max #>4 %>4 #20 %>20
Number Result Result Result pCi/L pCil pCil  pCilL
Basement 5] 1.2 5.1 133 k]| 6l 0 0
First Floor Bedroom ! 34 34 34 0 0 0 0
First Floor Living Area 2 316 42 4.8 1 50 0 0
Total 54 1.2 5.0 13.3 32 59 0 0
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Table 4 (cont'd)

Brown County

Min Avg Max #>4 To>4 #>20  %>20

Number Result Result Result pCi/L  pCi/L pCi/L  pCi/L
Basement 19 0.6 5.8 55.1 6 32 1 5
First Floor Bedroom 9 0.6 1.5 4.4 1 11 0 0
Furst Floor Living Area 1 0.8 0.8 0.8 0 0 0 0
Other 6 0.8 1.9 3.5 0 0 0 0
Total 35 0.6 39 55.1 7 20 1 3

Bureau County

Min Avg Max #>4 %>4 #>20 %>20

Number Result Result Result pCi/L  pCi/L pCilL  pCi/L
Basement 22 1 3.1 7 5 23 0 0
First Floor Bedroom 1 0.5 0.5 0.5 0 0 0 0
Toual 23 0.5 30 7 5 22 0 0

Calhoun County

Min Avg Max #>4 %>4 #>20 %>20

Number Result Result Result pCi/L. pCi/l pCi/L pCill
Bascment 2 1.3 3.7 10.8 6 27 0 0
First Floor Bedroom 4 1.3 3.9 5.5 2 50 0 0
First Floor Living Area 3 1.3 1.8 29 0 0 0 0
Total 29 1.3 3.6 10.8 8 28 0 0

Carroll County

Min Avg Max #>4 %>4 #>20  %>20

Number Result Result Result pCi/L pCilL pCi/L pCi/L
Basement 25 1 55 254 12 48 1 4
First Floor Living Area 2 0.7 1.1 1.5 0 0 0 0
Other 1 3.7 37 3.7 0 0 0 0
Toual 28 0.7 5.1 254 12 43 1 4

Cass County

Min Avg Max #>4 %>4 #>20  %>20

Number Result Result Result pCi/lL pCiL pCilL  pGi/L
Basement 24 1.8 5.6 11.3 18 75 0 0
First Floor Bedroom 1 14 14 14 0 0 0 0
First Floor Living Area 3 2.2 3.0 4 0 0 0 0
Toial 28 1.4 52 113 18 64 0 0
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Table 4 (cont'd)
Champaign County
Min  Avg Max #>4 o> 20 %>20
Number Result Result Resul pCiL  pCil pCi.  pCi/l
Basement 16 1.6 5.9 17.6 8 50 0 0
First Floor Bedroom 17 1.2 4.1 8 8 47 0 0
Total 33 1.2 5.0 17.6 16 48 0 0
Christan County
Min Avg Max #>4 %>4 #20 %>20
Number Result Result  Result pCi/L  pCilL pCiL  pCiL
Basement 32 1.8 5.8 15.5 2] 66 0 0
First Floor Bedroom 17 0.6 24 6.1 1 6 0 0
First Floor Living Arca 1 8.7 8.7 8.7 1 100 a 0
Total S0 0.6 4.7 15.5 23 46 0 0
Clark County
Min Avg Max #>4 %>4 H20 %
Number Result Result Resull pCi.  pCiL pCil  pCGiL
Basement 13 08 3.3 84 4 3 0 0
Firs1 Floor Bedroom 9 0.6 1.0 33 0 0 0 0
First Floor Living Arca 3 0.5 0.6 0.8 0 0] 0 0
Total 25 0.5 2.1 8.4 4 16 0 0
Clay County
Min  Avg  Max 04 %4 20 %>20
Number Result Result Result pCilL  pCil pCill  pCilL
Basement 16 0.6 2.7 5.7 5 3 0 0
First Floor Bedroom 6 0.5 17 5.6 1 17 0 0
Other 1 1.9 1.9 19 0 0 0 0
Total 23 0.5 24 59 6 26 0 0
Coles County
Min  Avg  Max 04 B4 0 %>20
Number Result Result Result pCil.  pCil pCi.  pCifl
Bascment 35 0.6 3.7 18.5 12 34 4] 0
First Floor Bedroom 1 0.8 0.8 0.8 0 0 0 0
Totl 36 0.6 3.7 18.5 12 33 0 0
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Table 4 (cont'd)
Cook County

Min Avg Max #>4 To>4 #>20  %>20

Number Result Result Result pCi/L pCi/L pCi/L  pCi/L
Basement 212 0.6 2.9 11.6 40 19 0 0
First Floor Bedroom 6 1 2.1 3 0 0 0 0
First Floor Living Area 43 0.5 23 5.8 4 9 0 0
Total 261 0.5 2.8 11.6 44 17 0 0

Crawford County

Min Avg Max #>4 %o>4 #>20  %>20

Number Result Result Result pCi/L pCi/L pCi/L  pCilL
Bascment 16 0.6 2.1 9.7 1 6 0 0
First Floor Bedroom 9 0.6 0.9 1.7 0 0 0 0
First Floor Living Area 4 0.7 0.8 0.8 0 0 0 0
Other 1 0.8 0.8 0.8 0 0 0 0
Touwal 30 0.6 1.5 9.7 1 3 0 0

Cumberland County

Min Avg Max #>4 %o>4 #>20 9%>20

Number Result Result Resuilt pCi/L pCi/L pCi/L  pCi/L
Basement 20 0.8 2.1 4.8 1 5 0 0
First Floor Bedroom 8 0.8 1.6 34 0 0 0 0
First Floor Living Area 7 0.8 1.0 1.6 0 0 0 0
Total 35 0.8 1.8 4.8 1 3 0 0

DeKalb County

Min Avg Max #>4 %>4 #>20 9%>20

Number Result Result Result pCi/L  pCilL pCi/L pCi/L
Basement 49 1.2 4.5 18.9 22 45 0 0
First Floor Bedroom 4 1.7 39 7.1 1 25 0 0
First Floor Living Area 3 1.7 2.0 2.5 0 0 0 0
Toual 56 1.2 43 18.9 23 41 0 0

DeWitt County

Min Avg Max #>4 Yo>4 #©20 %>

Number Result Result Result pCvL pCi/L pCVL  pCi/L
Basement 2 14 8.8 75.6 15 68 1 5
First Floor Bedroom 2 1.1 2.5 39 0 0 0 0
First Floor Living Area 5 0.8 13 1.6 0 0 0 0
Total 29 0.8 7.0 75.6 15 52 1 3
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Table 4 (cont'd)
DuPage County
Min Avg Max #>4 Gxd #>20  %>20
Number Result Result Result pCil. pCil pCiL.  pCGiL
Basement 134 0.5 4.8 64.5 47 35 3 2
First Floor Bedroom 13 1.1 it 54 3 23 0 0
First Floor Living Area 19 08 24 6.4 ] 5 0 0
Touwl 166 0.5 44 64.5 51 3 3 2
Edgar Counry
Min Avg Max >4 %>4 #>20 %320
Number Result Result Result pCiL  pCi/L pCi.  pCiL
Bascment 21 0.9 3.5 14.3 7 33 0 0
First Floor Bedroom 10 0.8 1.9 5 1 10 0 0
Tatal 3t 0.8 3.0 14,3 8 26 0 0
Edwards County
Min  Avg Max #>4 %>4 20  %>20
Number Result Result Result pCiL  pCill pCIL  pCiL
Basement 2 0.7 2.7 17.8 k! 14 0 0
Firsi Floor Bedroom 7 0.8 0.9 1.2 0 0 Q 0
Toul 29 0.7 23 178 3 10 0 0
Effingham County
Min Avg Max #>4 %>4 20 %>20
Number Result Result Result pCil pCiL pCil.  pCiL
Basemen( 19 0.7 4 19.3 9 47 0 0
First Fioor Bedroom 4 0.9 1.1 1.2 0 0 0 0
First Floor Living Area 14 0.5 1.5 3.8 0 0 0 0
Total 37 0.5 35 19.3 9 24 0 0
Fayetie County
Min Avg Max >4 %>4 #>20 %20
Number Result Result  Resuil pCill. pCiL pCiL  pCilL
Bascment 28 0.9 0 8.4 6 21 0 0
Firs: Floor Bedroom 1] 0.9 2.8 7.1 2 18 0 0
First Floor Living Arca 1 2.2 22 22 0 0 0 0
Total 40 0.9 29 8.4 8 20 0 0
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Table 4 (cont'd)
Ford County

Min Avg Max #>4 Te>4 #>20 %>20

Number Result Result Result pCi/L  pCi/L pCi/L  pCi/L
Basement 17 0.1 3.7 9.1 7 41 0 0
First Floor Bedroom 8 0.8 2.7 4.5 2 25 0 0
First Floor Living Area 4 0.8 2.1 5.1 1 25 0 0
Total 29 0.1 32 9.1 10 34 0 0

Franklin County

Min Avg Max #>4 %>4 #>20 %>20

Number Result Result Result pCi/L pCi/L pCi/L.  pCilL
Basement 15 0.7 2.8 5.2 5 33 0 0
First Floor Bedroom 11 0.7 1.7 5.7 1 S 0 0
First Floor Living Area 8 0.8 0.9 1.1 0 0 0 0
Toual K> 0.7 2.0 5.7 6 18 0 0

Fulton County

Min Avg Max #>4 %e>4 #20 %>20

Number Result Result Result pCi/L pCiL pCi/L  pCi/L
Basement 14 1 4.9 18.1 3 21 0 0
First Floor Bedroom 14 0.9 2.2 4.7 3 21 0 0
First Floor Living Area 6 1.4 4.2 103 2 33 0 0
Total 34 09 3.7 18.1 8 24 0 0

Gallatin County

Min Avg Max #>4 %o>4 #>20 %>20

Number Result Result  Result pCiV/L pCilL pCilL pCiLi
First Floor Bedroom 31 09 24 6 4 13 0 0
Total 31 0.9 24 6 4 13 0 0

Greene County

Min Avg Max #>4 %o>4 #>20 %>20

Number Result Result Result pCi/L  pCilL pCi/L  pCi/lL
Basement 8 1 52 16.3 4 50 0 0
First Floor Bedroom 3 1.1 24 3.6 0 0 0 0
First Floor Living Area 2 04 0.6 0.7 0 0 0 0
Total 13 04 38 16.3 4 31 0 0
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Hamilton County
Min Avg Max W>4 %4 20  %>20
Numbet Result  Result Result pCiL  pCilL pCiL  pCil
Basement 14 0.7 34 8.2 5 36 0 0
First Floor Bedroom 10 0.8 2.6 5.5 2 20 0 ]
First Floor Living Arca 6 0.8 1.1 1.6 0 0 0 0
Toal 30 0.7 2.7 8.2 7 23 0 0
Hardin County
Min Avg Max #>4 %>4 020 %>
Number Result Result Result pCilL  pCilL pCil  pCilL
Bascment 23 1.7 4.8 13.5 9 39 0 0
First Floor Bedroom 2 0.9 2.t 3.2 0 0 0 0
Firsi Floor Living Area L 22 30 44 1 20 0 0
Total 30 0.9 4.3 13.5 10 13 0 0
Henderson County
Min  Avg Max #>4 %o>4 #>20 %>20
Number Result Result Result pCiL  pCil. pCiL  pCiL
Bascment 5 ] 30 4.6 2 40 0 0
First Floor Bedroom 2 3.1 3.5 38 0 "0 0 0
First Fioor Living Area 18 0.7 1.2 2.6 0 0 0 0
Total 25 0.7 1.7 4.6 2 8 0 0
Henry County
Min Avg Max #>4 %>4 #20  %>20
Number Result Result Resuls pCi/. pCil pCill. pCiL
Bascment 37 1 7.1 25.4 27 73 2 5
Firs1 Floor Bedroom 2 6.9 8.1 9.3 2 100 0 0
First Floor Living Area 1 2.8 28 28 0 0 0 0
Tota! 40 1 7.1 254 29 72 2 5
Iroquois County
Min  Avg  Max #>4 %>4 #>20 %>20
Number Result Result Resui( pCil pCilk pCil.  pCil
Basement &) 0.7 34 169 4 17 0 \
First Floor Bedroom 5 0.7 1.2 1.7 0 0 0 0
Firsi Floor Living Area 2 0.4 0.6 0.8 0 0 0 0
Total 30 04 29 169 4 13 0 0
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Table 4 (cont'd)
Jackson County

Min Avg Max #>4 %>4 #>20 %>20
Number Result Result Result pCilL pCifL pCil.  pCi/L
Bascment 14 0.3 1.9 4.3 1 7 0 0
First Floor Bedroom 7 0.5 0.8 1.9 0 0 0 0
Fust Floor Living Area 12 0.09 1.6 6.6 1 8 0 0
Other 2 3 3.0 3 0 0 0 0
Total 35 0.09 1.6 6.6 2 6 0 0
Jasper County
Min Avg Max #>4 %>4 #>20  %>20
Number Result Result Result pCi/L pCi/L pCi/L  pCiL
Basement 22 0.4 1.7 7 2 9 0 0
First Floor Bedroom 7 0.5 0.8 1.5 0 0 0 0
Other 1 2 2.0 2 0 0 0 0
Total 30 04 1.5 2 7 0 0
Jefferson County
Min Avg Max #>4 T%>4 #>20  9%>20
Number Result Result Result pCi/L pCiL pCi/L  pCi/L
Basement 19 0.7 1.9 7.4 2 11 0 0
First Floor Bedroom 10 0.3 14 58 1 10 0 0
First Floor Living Area 4 0.7 1.5 29 0 0 0 0
Total 33 0.3 1.7 7.4 3 0 0
Jersey County
Min Avg Max #>4 %>4 #>20 %>20
Number Result Result Result pCi/lL pCilL pCi/L  pCi/L
Basement 6 2 33 8.1 1 17 0 0
First Floor Living Area 2 0.2 1.6 29 0 0 0 0
Total 8 0.2 2.8 8.1 1 12 0 0
Jo Daviess County
Min Avg Max #>4 %>4 #20 %>20
Number Result Result Result pCi/lL pCilL pCi/L  pCilL
Basement 12 1 8.8 375 6 50 2 17
First Floor Bedroom 2 0.6 0.6 0.6 0 0 0 0
First Floor Living Area 8 0.8 54 18 3 38 0 0
Total 22 0.6 6.8 37.5 9 41 2 9
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Johnson County
Min Avg Max #>4 %>4 20 %>20
Number Resul! Result Result pCi/L  pCiL pCi/l.  pCilL
Basement n 1.2 3.2 5.6 3 27 0 a
First Floor Bedroom 2 24 2.5 2.5 0 0 0 0
First Floor Living Area 15 0.6 1§ 2.6 0 0 0] 4]
Touwl 28 0.6 2.2 5.6 3 11 0 0
Kane County
Min Avg Max >4 %o >4 #>20 %>20
Number Result  Result  Result pCiL  pCilk pCiL  pCiL
Basement 58 0.6 6.0 344 30 52 1 2
First Floor Bedroom 3 ! 3.8 6.8 1 33 0 0
First Floor Living Area 10 0.9 kR 57 3 30 0 0
Tolal N 0.6 5.5 344 U 48 ) 1
Kankakee County
Min Avg Max #>4 %>4 #>20 %>20
Number Result Result  Resull pCL  pCilL pCiL  pCill.
Bascment 26 03 3 16.8 8 3 0 0
First Floor Bedroom ? 0.6 19 5.7 1 14 0 0
First Floor Living Arca 1 0s 0.9 09 0 0 ] 0
Other } 06 0.6 0.6 0 0 0 0
Totwl kM) 0.3 2.3 168 9 26 0 0
Kendall County
Min Avg Max »H4 %>4 w20 %>
Number Result  Resull  Result pCilL pCiL pCit  pCiL
Basement 25 1 6.2 19.1 16 64 0 0
First Floor Bedroom 2 1.6 23 3 0 0 0 0
Toual 27 1 6.0 19.1 16 59 0 0
Knox County
Min Avg Max #>4 %>4 #>20 %20
Number Result  Result  Result pCi/L pCilL pCi.  pCit
Bascment 52 09 55 211 2 62 ) 2
First Floor Bedroom 1 19.3 193 193 | 100 0 0
Fust Floor Living Area 3 24 12 137 2 67 0 0
Other 1 122 122 122 l 100 0 0
Total 57 08 89 211 6 63 1 2
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Table 4 (cont'd)

Lake Counry

Min Avg Max #>4 %>4 #20 %>20

Number Result Result Result pCi/L  pCi/L pCi/L  pCi/lL
Basement 79 0.4 23 9.6 11 14 0 0
First Floor Bedroom 10 0.5 1.9 8.9 1 10 0 0
Furst Floor Living Area 1 0.3 0.5 0.5 0 0 0 0
Tolal 90 0.4 2.3 9.6 12 13 0 0

LaSalle County

Min Avg Max #>4 %>4 #>20  %>20

Number Result Result Result pCi/L pCi/L pCi/L  pCiL
Basement 30 1 5.0 15.5 13 43 0 0
First Floor Bedroom 1 0.3 0.3 03 0 0 0 0
Total 31 03 4.8 15.5 13 42 0 0

Lawrence County

Min Avg Max #>4 %e>4 #>20  %>20

Number Result Result Result pCi/lL.  pCi/L pCi/L  pCilL
Basement 1 34 34 3.4 0 0 0 0
First Floor Bedroom 2 0.8 1.2 1.6 0 0 0 0
First Floor Living Area 26 0.6 1.0 5.1 1 4 0 0
Total 29 0.6 1.1 5.1 1 3 0 0

Lee County

Min Avg Max #>4 %o>4 #>20 %>20

Number Result Result Result pCi/L pCilL pCi/lL  pCi/L
Basement 33 0.4 34 15 8 24 0 0
Other 1 1.8 1.8 1.8 0 0 0 0
Total M4 0.4 34 15 8 24 0 0

Livingston Counry

Min Avg Max #>4 %>4 #>20 %>20

Number Result Result Result pCi/L pCiL pCi/lL  pCiL
Basement 26 1.5 7.0 39.8 18 69 1 4
First Floor Bedroom 3 3.5 6.5 12.5 1 33 0 0
First Floor Living Area 2 4.5 5.0 54 2 100 0 0
Total 31 1.5 6.8 39.8 21 68 1 3
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Table 4 (cont'd)

Logan County
Min Avg Max #>4 B>4 #>20 %20
Number Result  Result  Result pCiL  pCi/l. pCif.  pCiL
Basemeni 38 12 6.2 19.2 A 63 0 0
First Floor Bedroom 14 0.8 23 3.9 0 ] 0 0
First Floor Living Ares 5 0.8 3.0 4.8 2 40 4] 0
Total 57 0.8 50 19.2 26 46 0 0
Macon County
Min Avg Max #>4 Go>4 #>20 %20
Number Result Result  Result pCi/L  pCilL pCi.  pCiL
Basement 47 0.5 38 15.7 14 30 0 0
First Floor Bedroom 12 0.6 1.8 31 0 0 0 0
First Floor Living Area 10 0.5 1.8 55 1 10 0 0
Other 2 0.9 1.0 ) 0 0 0 0
Total n 0.5 ERN | 15.7 15 2] 0 0
Macoupin County
Min Avg Max #>4 %>4 #20 %>
Number Result Result Resuht pCil pCilL pCiL  pCi/l
Bascment B 0.9 29 7.5 2 25 0 0
First Floor Bedroom 2 1 2.9 4.8 1 50 0 0
First Floor Living Area 19 0.8 1.8 6.8 2 11 0 0
Total 29 0.8 2.2 7.5 S 1” 0 0
Madison County
Min  Avg Max >4 %>4 20  %>20
Number Result  Result  Result pCil pCiL pCi.  pCill
Basement 61 0.5 23 342 ? 11 1 2
First Fioor Bedroom 3 1.} 1.5 1.9 0 0 0 0
Other ] 0.9 0.9 0.9 0 0 0 0
Total 65 0.5 26 342 7 11 1 2
Marion County
Min Avg Ma d %4 20 %20
Number Result  Result  Result pCill.  pCiL pCiL pCik
Basement 20 0.6 1.9 4,6 3 15 0 0
First Floor Bedroom 8 05 0.7 14 0 0 0 0
First Floor Living Arca 3 0.5 0.6 0.9 0 0 0 0
Towal 31 058 15 4.6 3 10 0 0
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Table 4 (cont'd)

Marshall County

Min Avg Max #>4 %>4 #>20 %>20
Number Result Result Result pCi/L  pCiL pCilL  pCilL
Basement 22 0.9 6.8 234 9 41 3 14
First Floor Bedroom 4 0.8 1.5 3.4 0 0 0 0
Total 26 0.8 6.0 234 9 35 3 12
Mason County
Min Avg Max #>4 %>4 #>20 %>20
Number Result Resuit  Result pCi/L  pCiL pCiL  pCiL
Basement 23 1.8 6.8 20.8 16 70 1 4
First Floor Bedroom 4 1.7 2.8 4.7 1 25 0 0
First Floor Living Area 2 1.6 2.0 2.3 0 0 0
Total 29 1.6 5.9 20.8 17 59 1 3
Massac County
Min Avg Max #>4 %>4 #>20 %>20
Number Result Rz2sult  Result pCill  pCil pCi/L pCiL
Basement 10 2.6 7.9 28.1 5 50 1 10
First Floor Bedroom 3 12 1.7 2.2 0 0 0 0
First Floor Living Area 13 1.3 26 44 1 8 0 0
Total 26 1.2 45 28.1 6 23 1 4
McDonough County
Min Avg Max #>4 %>4 #>20 %>20
Number Result Result Result pCi/L pCi/L pCi/L pCi/L
Basement 51 04 5.2 17.8 25 49 0 0
First Floor Bedroom 12 0.6 24 8 2 17 0 0
First Floor Living Area 4 04 1.6 3.8 0 0 0 0
Total 67 0.4 4.5 17.8 27 40 0 0
McHenry County
Min Avg Max #>4 %>4 #20 %>20
Number Result Result Result pCi/L pCi/L pCi/lL  pCi/L
Basement 65 0.6 4.4 23.6 20 3 1 2
First Floor Bedroom 8 0.5 24 3.9 0 0 0 0
First Floor Living Area 3 3.2 8.1 13.2 2 67 0 0
Total 76 0.5 43 23.6 22 29 1 I
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Table 4 (cont'd)
McLean County
Min Ay Mxx #>4  %>4 ¥>20  %>20
Number Result  Result  Result pCilL  pCil pCilL  pCiL
Basement 49 0.2 58 23.2 28 57 2 4
First Floor Bedroom 6 0.8 5.1 112 3 50 0 0
First Floor Living Area 3 i1 44 6.4 1 3 0 0
Total 58 0.2 5.7 232 32 55 2 3
Menard County
Min Avg Max #>4 %>4 20 %>20
Number Result Result Resalt pCill.  pCilL pCill.  pCilL
Basement 20 0.8 6.7 20 13 65 0 0
First Floor Bedroom 9 08 14 35 0 0 0 0
First Floor Living Arca 1 09 09 0.9 0 0 0 0
Total 30 08 4.9 20 13 43 0 0
Mercer County
Min  Avg M 4 %>4 20  %>20
Number Result Result Result pCill pCiL pCiL.  pCiL
Basement 25 22 92 231 17 68 3 12
Firs1 Floor Living Area 3 1.6 33 5.5 1 3 0 0
Total 28 1.6 8.5 231 18 64 3 1
Monroe County
Min Avg Max #>4 B>4 #20 %>20
Number Result  Result  Result pCi.  pCi/L pCiL.  pCilL
Bascment 26 1.3 54 154 12 46 4] 0
Firsi Floor Bedroom 1 35 3.5 s 0 0 0 0
First Floor Living Arca ) 2.4 24 24 ] 0 0 0
Tolal 28 1.3 52 15.4 12 43 0 0
Montgomery County
Min  Avg  Max >4 >4 20 %>20
Number Result Result  Resul pCil. pCiL pCiL  pCi/L
Basement 22 0.3 42 16.9 9 41 0 0
First Floor Bedroom 12 0.3 1.5 6 l 8 0 0
First Floor Living Area 1 1.2 1.2 1.2 0 0 0 0
Total 35 0.3 3.2 16.9 10 29 0 0
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Table 4 (cont'd)

Morgan County

Min Avg Max #>4 %o>4 #>20  %>20

Number Result Result Result pCi/L pCi/L pCi/L pCilL
Basement 41 2.2 7.1 14.6 32 78 0 0
First Floor Bedroom 17 1.2 6.4 19.2 7 4] 0 0
First Floor Living Area 1 279 2.7 27 0 0 0 0
Touwl 59 1.2 6.8 19.2 39 66 0 0

Moultrie County

Min Avg Max #>4 %o>4 #>20  %>20

Number Result Result Result pCi/L pCi/L pCi/L  pCi/L
Basement 14 0.5 34 11 5 36 0 0
First Floor Bedroom 13 0.5 2.1 10.8 1 8 0 0
First Floor Living Area 3 0.8 1.7 29 0 0 0 0
Touwal 30 Q.5 2.6 11 6 20 0 0

Ogle County

Min Avg Max #>4 %0>4 #>20 %>20

Number Result Result Result pCi/L pCil pCi/L  pCi/L
Basement 28 0.6 39 16.8 10 36 0 0
First Floor Living Area 1 12 1.2 1.2 0 0 0 0
Toual 29 0.6 39 16.8 10 34 0 0

Peoria County

Min Avg Max #>4 Do>4 #20  %>20

Number Result Result Result pCi/L  pCi/lL pCi/L  pCiL
Bascment 46 0.7 5.6 224 23 S0 1 2
First Floor Bedroom 4 1.1 1.9 33 0 0 0 0
First Floor Living Area 3 1.5 2.1 28 0 0 0 0
Other 2 23 26 2.8 0 0 0 0
Total 55 0.7 5.0 224 23 42 1 2

Perry County

Min Avg Max #>4 %o>4 #>20 %>20

Number Result Result Result pCilL pCi/L pCi/lL  pCi/L
Basement 21 0.9 2.1 4.2 1 5 0 0
First Floor Bedroom 10 08 13 2.2 0 0 0 0
First Floor Living Area 4 0.9 1.1 1.5 0 0 0 0
Total 35 0.8 1.8 4.2 1 3 0 0
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Table 4 (cont'd)
Piatt County
Min Avg Max #>4 %>4 20 %20
Number Result  Resull  Result pCil  pCiL pCiL  pCil
Rasement 16 08 44 17.9 5 31 0 0
Fursi Floor Bedroom 1 1.3 1.3 1.3 0 0 0 0
First Floor Living Arca 18 0.9 2.2 5.3 2 11 ¢} 0
Total 35 0.8 3.2 17.9 7 20 0 0
Pike County
Min Avg Max #>4 %>4 20 %>20
Number Resuft  Result Result pCi/ll  pCiL pCill  pCiL
Basement 25 0.9 5.3 15.9 12 48 0 0
First Floor Bedroom 2 0.9 1.1 1.2 0 0 4] 0
First Floor Living Arca 3 0.9 5.3 10 2 67 0 0
Towl 30 0.9 5.0 15.9 14 47 0 0
Pope County
Min Avg Max #>4 %>4 #>20 %20
Number Result Result Resuli pCill  pCil PCIL  pCiL
Basement 17 1.2 4.7 17.6 8 47 0 0
First Floor Bedroom 3 1.5 2.2 34 0 0 0 0
First Floor Living Area 10 1.6 25 4.8 ] 10 0 0
Total 30 1.2 is 172.6 9 30 0 0
Pulaski County
Min Avg Max >4 %>4 #20 %>
Number Result Result Result pCi.  pCi/lL pCi.  pCilL
Basement 6 1.9 29 4 0 0 0 0
First Floor Bedroom 16 14 2.3 32 0 0 0 0
First Floor Living Ares 5 1.5 1.7 2.1 0 0 0 0
Toul 27 14 23 4 0 0 0 0
Putnam County
Min  Avg  Max w4 %4 ©n20  %>20
Number Result Result Result pCiL pCiL pCi.  pCill
Basement 18 0.8 57 438 6 KK 1 6
First Floor Bedroom 5 09 19 43 1 20 0 0
Firsi Floor Living Area 2 04 19 33 0 0 0 0
Other 1 0.7 0.7 0.7 0 0 0 0
Total 26 04 4.5 438 7 27 i 4
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Table 4 (cont'd)

Randolph County
Min Avg Max #>4 D>4 #>20  %>20
Number Result Result Result pCi/L  pCilL pCvL  pCiL
Basement 16 0.5 2.1 4.7 2 12 0 0
First Floor Bedroom 8 0.7 2.0 4.8 2 25 0 0
First Floor Living Area 12 0.5 1.2 4.4 1 8 0 0
Toal 36 0.5 1.8 4.8 5 14 0 0
Richland County
Min Avg Max #>4 %>4 #>20  %>20
Number Result Result Result pCi/L  pCi/L pCi/L  pCi/L
Basement 22 0.8 23 5.3 3 14 0 0
First Floor Bedroom 7 0.9 1.1 1.8 0 0 0 0
Total 29 0.8 2.0 5.3 3 10 0 0
Rock Island County
Min Avg Max #>4 %0>4 #>20  %>20
Number Result Result Result pCi/L pCilL pCi/L  pCifL
Bascment 63 0.5 6.2 46.2 M 54 2 3
First Floor Bedroom 1 2.1 2.1 2.1 0 0 0 0
First Floor Living Area 1 35 35 35 0 0 0 0
Other 1 0.6 0.6 0.6 0 0 0 0
Toal 66 0.5 6.0 46.2 34 52 2 3
Saline County
Min Avg Max #>4 %>4 #>20 %>20
Number Result Result Result pCi/L pCilL pCi/L pCiL
Basement 8 0.4 1.7 3.9 0 0 0 0
First Floor Bedroom 14 04 19 49 1 7 0 0
First Floor Living Area 8 04 2.1 4.3 1 12 0 0
Total 30 0.4 1.9 4.9 2 7 0 0
Sangamon County
Min Avg Max #>4 %>4 #>20 %>20
Number Result Result Result pCi/L. pCi/L pCi/L  pCi/L
Basement 72 12 45 224 29 40 1 1
First Floor Bedroom 23 0.9 1.9 33 0 0 0 0
First Floor Living Area 8 0.9 4.6 23.2 1 12 1 12
Total 103 0.9 39 23.2 30 29 2 2
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Table 4 (cont'd)
Schuyler County

Min Avg Max >4 B>4 #>20  %>20

Number Result Result Result pCiL  pCil pCi/L  pCifl.
Basement 23 0.8 54 19 11 48 0 0]
First Floor Bedroom 6 0.8 4.8 8.9 3 50 0 0
Total 29 0.8 53 19 14 48 0 0

Scott County

Min Avg Mex >4 %>4 120 %»20

Number Result Result  Result pCilL  pCill pCilL.  pCilL
Basement 18 14 6.2 10.9 13 72 0 0
First Floor Bedroom 1l 2 34 6.5 k| 27 0 0
First Floor Living Area 1 34 34 34 0 0 0 0
Toul 30 14 5.1 10.9 16 53 g 0

Shelby County

Min Avg Max #>4 %>4 #>20 %>20

Number Result Result Result pCi.  pCi/L pCilL  pCiL
Bascment 22 0.7 3.2 10.2 6 27 0 0
First Floor Bedroom 5 0.7 1.9 32 0 0 0 0
First Floor Living Arca 1 2.1 2.1 2.1 0 0 0 0
Total 28 0.7 3.0 10.2 6 2] 0 0

St. Clair County

Min Avg Max H4 %4 #20 %>20

Number Resuli  Result  Result pCi/L pCil nCil  pCill
Bascment 40 0.4 32 23 7 18 1 2
First Floor Bedroom s 0.8 3.5 6.4 2 40 0 0
First Floor Living Area S 04 1.0 1.4 0 0 0 0
Total 50 04 3.0 23 9 18 1 2

Stark County

Min  Awvyg Max #>4 %>4 #>20  %>20

Number Result Result  Result pCil. pCil pCil  pCiL
Basernent x| 0.7 6.8 213 17 63 1 4
First Floor Living Arca i 1.9 19 19 0 g 0 0
Towal 28 6.7 21.3 17 61 1 4

0.7
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Table 4 (cont'd)
Stephenson County

Min Avg Max #>4 To>4 #20 %>20
Number Result Result Result pCi/L  pCilL pCiL  pGiL
Bascment 53 0.7 4.5 14.9 27 51 0 0
Furst Floor Living Area 1 1.4 1.4 1.4 0 0 0 0
Other 1 4.8 4.8 4.8 1 100 0 0
Total 55 0.7 4.5 14.9 28 51 0 0
Tazwell County
Min Avg Max #>4 %e>4 #>20  %>20
Number Result Result Result pCi/L  pCi/L pCiL  pCi/L
Basement 48 0.9 5.9 143 33 69 0 0
First Floor Bedroom 6 1.5 4.6 11.3 3 50 0 0
First Floor Living Area 5 0.9 3.1 8.8 1 20 0 0
Total 59 0.9 5.5 14.3 37 63 0 0
Union County
Min Avg Max #>4 Do>4 #20 %>20
Number Result Result Result pCi/L pCilL pCilL  pCi/L
Bascment 22 1.1 34 5.9 8 36 0 0
First Floor Bedroom 7 1.3 2.1 29 0 0 0 0
First Floor Living Area 1 2 20 2 0 0 0 0
Toal 30 1.1 3.1 59 8 27 0 0
Vermillion County
Min Avg Max #>4 o4 #>20  %>20
Number Result Result Result pCi/L  pCilL pCi/L.  pCilL
Basement 28 0.9 44 12.8 11 39 0 0
First Floor Bedroom 4 0.9 1.8 3 0 0 0 0
First Floor Living Area 4 0.7 24 5.6 1 25 0 0
Total 36 0.7 39 12.8 12 33 0 0
Wabash County
Min Avg Max #>4 %04 #20  %>20
Number Result Result Result pCi/lL pCilL pCi/L  pCi/L
Basement 17 0.8 1.6 29 0 0 0 0
First Floor Bedroom 12 0.7 1.1 2.6 0 0 0 0
First Floor Living Area 2 0.7 2.0 3.2 0 0 0 0
Other 1 5.5 5.5 55 1 100 0 0
Toual 32 0.7 1.6 5.5 1 3 0 0
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Table 4 (cont'd)
Warren County
Min Avg Max #>4 %4 #20  %>20
Number Result Result Result pCil pCiL pCil.  pCiL
Basement 42 22 124 59.5 37 88 8 19
First Floor Bedroom 4 4.1 6.9 94 4 100 0 0
First Floor Living Area 3 2.6 5.0 9.3 1 33 0 0
Total 49 22 115 595 42 86 B 16
Washington County
Min  Avg  Max 4 %>4 20 %>20
Number Result Result Resuk pCilL pCilL pCiL  pCilL
Basement 34 0.2 2.4 7.2 5 15 0 0
First Floor Bedroom 2 0.8 0.8 0.8 0 0 0 0
Total 36 0.2 24 72 5 14 0 0
Wayne County
Min  Avg M #>4 %4 020 %20
Number Result Result Result pCiL pCiL pCit  pCill
Bascment n 0.3 1.3 3 0 0 0 0
First Floor Bedroom 5 0.6 0.7 0.9 0 0 0 0
First Floor Living Area 3 0.3 0.6 1.1 0 0 0 0
Total 19 0.3 1.0 31 0 0 0 0
White County
Min  Avg Max 4 ®>4 H20 %20
Number Resuit Result Resuft pCiL  pCVL pCit  oCiL
Basement 20 0.4 2.5 6.4 4 20 0 0
Fiest Floor Bedroom 12 04 1.3 23 0 0 0 0
First Floor Living Area 1 1 1.0 1 0 0 0 0
Tolal 13 0.4 20 64 4 12 0 0
Whiteside County
Min Avg Max H4 %o>4 #>20 %>20
Number Result Result  Result pCiL.  pCill pCil  pCilL
Bascmen! 33 0.7 29 8.1 7 21 0 0
First Floor Bedroom 3 0.9 20 3.5 0 0 0 0
Touwl 36 0.7 28 8.} 7 19 0 0

s
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Table 4 (cont'd)

Will County
Min Avg Max #>4 To>4 #>20 %>20
Number Result  Result Result pCi/.  pCi/L pCi.  pCi/L
Basement 47 0.5 3.9 16.8 14 30 0 0
First Floor Bedroom 8 0.6 2.3 4.1 1 12 0 0
First Floor Living Area 9 0.6 1.3 4.7 1 11 0 0
Total 64 0.5 33 16.8 16 25 0 0
Williamson County
Min Avg Max #>4 %>4 #>20  %>20
Number Result Result Result pCi/lL  pCilL pCi/L  pCilL
Basement 15 0.8 3.6 11.7 3 20 0 0
First Floor Bedroom 13 0.7 1.2 24 0 0 0 0
First Floor Living Area 7 0.8 09 1.3 0 0 0 0
Total 35 0.7 2.2 11.7 3 9 0 0
Winnebago County
Min Avg Max #>4 %o>4 #>20 %>20
Number Result Result Result pCi/L pCiL pCiL  pCi/L
Basement 52 1.2 4.1 19 19 37 0 0]
First Floor Bedroom 4 1.7 25 4.3 1 25 0 0
First Floor Living Area 2 1.9 23 2.6 0 0 0 0
Total 58 12 39 19 20 34 0 0
Woodford County
Min Avg Max #>4 %o>4 #20 %>20
Number Result Result Result pCi.  pCilL pCiL  pCiL
Bascment 26 1 10.2 33.7 20 77 3 12
First Floor Bedroom 2 28 59 9 1 50 0 0
Total 28 1 99 33.7 21 75 3 11
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Table §
SUMMARY OF ILLINOIS SCHOOL RADON SCREENING RESULTS

66 SCHOOLS
23 COUNTIES
Min Max To>4 %>20
Number Resuk Result pCilL pCiI/L
Basement 51 D.1* 25.8 12 2
First Floor 5717 0.1 10.0 3 0
Second Floor 52 0.5* 8.0 6 0
Third Floor 23 0.7+ 5.0 4 0

*]_ess than Minimum Detectable Concentration
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Table 6

CORRELATION BETWEEN RADON CONCENTRATIONS AND

BUILDING CHARACTERISTICS
Apge of House Number Avera i
Less than 15 years old 919 3.9
Greater than 50 years old 1388 4.1
Substructure Type Number Average (pCi/L)
100% Basement 1760 4.1
100% Slab 164 34
100% Crawlspace 535 2.0
Basement and Slab 223 5.1
Basement and Crawl Space 880 4.6
Subjective Energy Efficiency Number Av i
Not at all 184 3.2
Somewhat 37 2.5
Adequate 333 3.6
Good 1302 3.9
Excellent 2272 4.0
Basemen teristics Number Average (pCi/L)
Exposed Earth 239 5.3
Sump(s) 885 4.5
Crack(s) 784 4.6
Drain(s) 1660 4.6
None of the above 50 3.5
All of the above 39 5.6
Crawlspace Characteristics Number Av i
Crawlspace Entry & Exposed Earth 480 4.7
Crawlspace Vented 504 3.1
Primary Heating Source Number Average (pCi/l)
" Solar 5 7.5
Oil 174 4.8
Electric 421 3.8
Natural Gas 2689 4.0
Propane 448 3.8
Wood 174 3.0
Coal 6 1.5
Other Factors Number Average (pCy/L)
Central Air Conditioning 1367 4.2
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Table 7
SCHOOL RADON SCREENING RESULTS
pCi/L.

County Dasement 1st Floor 2nd Floor 3rd Floor

n Range o Repge 1o Range o Range
Calhoun 3 2.1-38 13 1.1-33 2 0.5¢-19 0
Champaign 2 3245 3 1.7.42 3 1.4.3.7 2 0.8*-1.2
Clark 0 204 0.1*43 0 0
DeWitt 2 34-39 6 14.32 2 2028 0
Effingham 0 4 0.8*-1.2 4 0.8*-1.2 0
Ford 1 4.6 7 1.5%.29 2 0.8*-14 2 07*-24
Gallatin 0 4 1.3-2.1 2 1417 2 14-15
Henry 0 8 1.2#.10.0 2 0.8*-2.2 2 1.1-1.5
LaSalle 1 23 10 0.8*22 1 0.8+ 0
Livingston 0 7 0.7*-1.5 2 1938 2 0.7%«-0.7*
McLean 0 5 43.92 5 3380 2 3.2.50
Monroe 0 6 09-3.0 6 1.0-27 0
Montgomery 0 8 1.6-3.2 2 1.7-1.% 2 1.0-15
Mouluie 0 2 2345 2 1.0-1.2 2 1.7-1.8
Pike 2 2360 15 0.2%58 1 1.3 0
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Saline

Sangamon

Schuyler

St. Clair

Wayne

White

Will

Woodford

Table 7 (cont'd)
SCHOOL RADON SCREENING RESULTS

pCi/L
Basement 1st Floor 2nd Floor
n Range n Range n Range
3 1.5-44 3 0.7-1.6 3 0.7*-14
1 25.8 1 1.9 1 3.1
0 8 1.1-6.3 2 1.1-2.2
0 6 1.6-3.1 O
36 0.1*-1.4 241 0.1*36 O
0 4 0.7-1.6 4 0.7-2.2
0 8 0.9%-23 2 0.5%-0.9*
0 4 0.8*-56 4 1.0-3.4

* Less Than Minimum Detectable Concentration
n = Number of measurements
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Table 2-1

Definition of the Twenty-Two Design Strata

Expected Stratum
EPA Region Radon Level ID Number State/Substate Area
Region 1: High: 013 ME, NH, VT.
Medium 012 MA, CT, RI.
Region 2: High: 023" Northern NJ.
Medium 022 NY.
Low: 021 Southern NJ.
Region 3: High: 033 PA, Western MD, WV, Western VA,
Low: 031 DE, Central and Eastern VA,
Eastern MD, DC
Region 4: High: 043 Western NC, Western SC, Northern
GA, Northern AL, Eastern TN.
Medium: 042 KY, Western and Central TN.
Low: 041 Central and Eastern NC, Eastern
SC, Southern GA, Southern AL,
MS, FL.
Region 5: High: 053 MN, WI< IL,?IN, OH.
Low: 051 MI.
Region 6: High: 063 NM
Medium: 062 0K, Western and Central TX,
Northern AR.
Low: 061 LA, Southern AR, Southeastern
TX.
Region 7: High: 073 NE, IA.
Medium: 072 KS, MO.
Region 8: High: 083 MT, WY, UT, CO, ND, SD.
Region 9: High: 093 NV.
Low: 091 CA, AZ, HI.
Region 10: High: 103 AK, ID.
Low: 101 WA, OR.
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Table 3-1
Estimated Percent of Year-Round Occupied Housing Units with Annual-Average Radon Concentrations
above Key Thresholds: United States, 1989-1990, page 1 of 3

Lowest Level of Lowest Level of Average Over Weighted Average

Living Space Nonliving Space(1) All Living Levels Over All Levels(2)

Percent Percent Percent ercent Percent Percent Percent Percent
EPA > 4 > 10 > 4 > 10 >4 > 10 > 4 > 10
Region pCi/L pCi/L pCi/L pCi/L pCi/L pCi/L pCi/L pCi/L

United States
Percent 8.01 1.28 25.90 5.68 6.01 0.65 5.16 0.43
(Std. Err.) (0.81) (0.27) (2.74) (1.06) (0.68) (0.18) (0.66) (0.15)
No. of Obs. 584 91 428 92 439 51 1,027 89
1 ,
zﬁch:tl 10.01 0.66 23.97 7.32 4.12 0.50 3.88 0.29
(Std. Err.) (3.68) (0.49) (7.53) (2.84) (1.14) (0.40) (0.87) (0.20)
No. of Obs. 38 3 4] 13 19 2 56 5
l .
gzgzggt ! 6.20 1.68 20.86 6.18 3.91 0.72 2.32 0.37
(Std. Err.) (2.22) (0.58) (8.30) (3.48) (1.34) (0.35) (1.26) (0.26)
No. of Obs. 35 10 33 10 23 4 39 6
|

::g:::tll 10.04 2.43 17.56 4.81 7.36 1.40 7.09 1.28
(Std. Err.) (2.80) (1.56) (4.11) (3.06) (2.17) (1.04) (2.76) (1.12)
No. of Obs. 89 20 51 16 63 11 152 27

Notes: (1) Residences that used every level as living space are excluded from this column.
(2) This column includes one observation for every occupant of the 5,694 final responding households.

(3) The entry N.A. indicates a radon concentration category with no observations, giving an estimate of
0.00 percent. Although some residences in the Region may have radon concentrations in the range,
none were observed. This suggests that the percent of homes in the Region with radon concentrations
in the range is small. The few number of observations in some Regions also reduces the precision of
the estimates for the other radon concentration categories. Estimates with‘a relative standard
error greater than 50 percent of the point estimate should be interpreted with caution.
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Table 3-1
Estimated Percent of Year-Round Occupied Housing Units with Annual-Average Radon Concentrations
above Key Thresholds: United States, 1989-1990, page 2 of 3

Lowest Level of Lowest Level of Average Over Weighted Average
Living Space Nonliving Space(1) All Living Levels Over All Levels(2)

Percent Percert Percent  Percent Percent Percent Percent  Percent
EPA > 4 > 10 > 4 > 10 > 4 > 10 > 4 > 10
Region pCi/L pCi/L pCi/L pCi/L pCi/L pCi/L pCi/L pCi/L
Region IV
Percent 5.59 0.96 27.85 5.38 4.79 0.17 4.47 0.09
(Std. Err.) (1.64) (0.56) (7.65) (3.20) (1.78) (0.09) (1.66) (0.04)
No. of Obs. 56 6 31 6 45 2 113 3
Region V
Percent 12.21 1.42 26.21 3.55 9.1 0.90 7.70 0.49
(Std. Err.) (1.60) (0.43) (2.19) (0.83) (1.56) (0.40) (1.36) (0.22)
No. of Obs. 197 25 161 20 149 16 343 25
Region VI .
P:gcent 2.93 0.25 0.00 0.00 2.69 0.2% 2.29 0.19
(Std. Err.) (1.02) (0.24) N.A.(3) N.A (1.02) (0.24) (0.84) (0.19)
No. of Obs. 18 1 0 0 17 1 37 2

Vil

::2:::: 21.08 3.72 35.29 6.76 16.75 1.76 14.65 0.85
(Std. Err.) (8.45) (2.32) (11.98) (3.11) (6.94) (1.73) (5.80) (0.63)
No. of Obs. 69 15 33 6 55 8 134 9

Notes: (1) Residences that used every level as living space are excluded from this column.
(2) This column includes one observation for every occupant of the 5,694 final responding households.

(3) The entry N.A. indicates a radon concentration category with no observations, giving.an estimate of
0.00 percent. Although some residences in the Region may have radon concentrations in the range,
none were observed. This suggests that the percent of homes in thg Region with radon concentrations
in the range is small. The few number of observations in some Regions also reduces the precision of
the estimates for the other radon concentration categories. Estimates with a relative standard error
greater than 50 percent of the point estimate should be interpreted with caution.
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Figure 3-1 Percent of Housing Units with Annual-Average
Radon Concentrations: Over All Living Levels
> 4 pCi/L and > 10 pCi/L (in parenthesis)
by EPA Region

HHH ";
7

£ Fm)

i

National Estimate: 6.01
(0.66)

Note: Standard errors for the regional estimates are given in Table 3-1. Estimates with relative
standard errors greater than 60 percent of the point estimate should be interpreted with caution.
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Paper

INDOOR ?*Rn CONCENTRATIONS IN A PROBABILITY
SAMPLE OF 43,000 HOUSES ACROSS 30 STATES

S. B. White.* Jane W. Bergsten.* Barbara V. Alexander.* Nathaniel F. Rodman* and
Jeffrey L. Phillipst

Abstract—The U.S. Environmental Protection Agency has
assisted 30 of the 48 conterminous states in completing sta-
tistically designed surveys of indoor ***Rn over the past 4 y,
In all states, the lowest livable level of 43,054 randomly
selected houses was tested using charcoal canisters exposed
for 48 h. The sampled population included owner-occupied
ground-level houses having listed telephone numbers, Sum-
mary statistics along with the percentage of houses exceeding
various concentration levels are given by state and over all
states for houses with basements, for houses without base-
ments, and for all houses. As expected, 2’Rn concentration
varies widely from one state to another and, in every state,
basement houses exhibit higher concentrations than nonbase-
ment houses. The lognormal distribution is shown to be a
good approximation to the distribution of screening measure-
ments over the 30-state area. There is. however, some evidence
that the lognormal distribution underestimates, by a narrow
margin, the upper tail of the observed distribution of basement
measurements.

Health Phys. 62(1):41-50; 1992

Key words: 22?Rn; surveys; sampling; radioactivity, natural

INTRODUCTION

IN AN attempt to characterize the magnitude of maxi-
mum indoor ***Rn concentrations across the U.S., the
U.S. Environmental Protection Agency (EPA) provides
assistance to states in the selection and testing of a
probability-based sample of houses. The use of proba-
bilities in making house selections allows results to be
validly extrapolated bevond the sample itself to a well-
defined population and enables precision of estimates
to be quantified. Assistance is provided in survey de-
sign, interviewer training, sample selection. data proc-
essing, and data analysis. In addition. the Agency pro-
vides charcoal canisters used ta all sample houses and
also provides all laboratory analyses.

Each state survey had two objectives. The first was
to characterize the distribution of maximum indoor

222

Rn concentrations across the state through the use
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of short-term tests. The second was to identifv areas
within the state with elevated “*“Rn levels. Jointly, these
objectives imply a need for estimating mean concentra-
tions and percentages of households with readings
above specified concentrations for the state as a whole
and for geographic regions within the state. The objec-
tives also imply a need for testing a large number of
households that are widely dispersed across the state.

Since the beginning of the state assistance program
in 1986, 30 of the 48 conterminous states have com-
pleted statistically designed surveys of indoor ***Rn.} In
this group of 30 states. shown in Fig. 1, 2-d screening
measurements were made in approximately 43.000 ran-
domly selected houses. Although other survevs have
used probability sampling, e.g., New York (Perritt et al.
1990) and New Jersey (Rahman et al. 1988). and other
data sets include more test houses (Alter and Oswald
1987: Cohen and Gromicko {988), this is. by far, the
largest data base formed from studies that 1) use prob-
abilities in making house selections: 2) have common
objectives: 3) utilize the same measurement method: 4)
employ the same protocol: and 5) sample the same
target population. This paper updates and expands the
work reported by Dziuban et al. (1990) by including
more state surveys. combining results across states, and
assessing distributional characteristics.

The surveyed states were not selected on the basis
of probability but rather on the basis of their expressed
interest in participating in the assistance program.
Thus. the aggregated results shown herein are. from a
statistical viewpoint, restricted to the 30-state area.
Because of the geographic coverage of the United States
(Fig. [). it seems reasonable. however. 10 view the results
of the 30-state area as representative of the nation as a
whole.

Radon concentrations at the national level have
been reported by Nero et al. (1986). Cohen (1986). and
Alter and Oswald (1987). Nero et al. (1986) aggregated
a number of data sets totalling less than 1000 house-
holds. These data sets differed with respect to the meas-
urement technique. the length of the measurement
period. and the time of the vear measurements were

1 Alaska and Hawaii sso conducted statistically designed survevs
but are excluded here because thev are not members of the 48
conlerminous states.



42 Health Physics

Fig. 1. Estimated percentage of houses with screening meas-
urements >148 Bqm™".

made. Cohen (1986) tested about 500 houses of physics
professors from some 100 universities in 42 states.
Alpha-track detectors were exposed for 1 y in all houses.
Alter and Oswald (1987) used a data base comprised of
some 60,000 measurements generated by users of
etched-track detectors. The period of exposure ranged
from | wk to 1 y. The data base contains multiple
measurements in the same house (at the same time or
at different times) and a disproportionate number of
measurements in known “hot spots” (for example, in
Pennsvlvania, New Jersey, and Maine). Later, some
results of these studies will be contrasted to findings
from the 30-state surveys.

METHODS

Each state employed 2-d screening measurements
made in the lowest livable area during closed-house
conditions in the winter (Ronca-Battista et al. 1988).
The lowest livable area is one that could be considered
hivable with, at most, some cosmetic changes; if the
area was in a basement, it was required to have a sealed
floor. This type of screening measurement provides an
estimate of the maximum concentration to which oc-
cupants can be exposed. The method was used in the
state surveys because it is the one the EPA and the
Centers for Disease Control currently recommend to
homeowners for determining whether additional tests
are needed (U.S. EPA and CDC 1986).

Different types of follow-up tests are recommended
for screening measurements between 148 Bq m™ (4
pCi L™') and 740 Bq m™ (20 pCi L"), and above 740
Bq m™. These state surveys provide direct estimates of
how many houses in the target population fall into
these categories. Data from these state surveys should
not, however, be used directly in assessing exposures or
health risks because the measurements do not yield
annual average concentrations in living areas. To use
these data for exposure or risk assessment, adjustments

January 1992, Volume 62. Number |

Table 1. Disposition of sample selections.
Of all known survey

eligibles
Of all
selections Percent
- returning
Percent found Percent a detector
to be accepting with a usable
State survey-eligible a detector reading
AL 55 77 66
AZ 35 93 72
CA 44 91 69
GA 45 91 68
A 58 92 82
1D 60 92 73
IN 44 88 76
KS 56 86 70
KY 57 71 63
LA 34 86 62
MA 48 86 70
ME 52 93 79
MI 56 65 54
MN 63 95 86
MO 58 87 72
NC 58 89 74
ND 51 91 79
NE 58 92 84
NM 52 95 81
NV 47 90 70
OH 48 89 66
OK 56 94 77
PA 59 82 68
RI 51 80 62
SC 55 91 64
TN 59 76 73
VT 48 91 74
wl 56 85 76
wv 57 89 78
wY 50 96 81
Total 52 88 72

are necessary to translate these short-term measure-
ments into long-term estimates of average concentra-
tions. Studies of the relationship between short-term
and long-term measurements of ***Rn are underway in
a subset of states to quantify these adjustments.

The target population, or population to which the
sample results apply. consists of all owner-occupied
private or main-residence homes with (1) a listed tele-
phone number; (2) a permanent foundation; and (3) at
least one floor at or below grade level (this includes
houses built over a crawl space).

For each state, a probability sample of listed resi-
dential telephone numbers was selected from a sam-
pling frame constructed from telephone directories for
all communities in the state. A probability sample is
one in which every element in the sample (in this case,
listed residential telephone numbers) has a positive and
known chance of being included (Hansen et al. 1953;
Kish 19635; Cochran 1971).

Each state was divided into strata based on popu-
lation density, potential for high **Rn, and geographic
areas for which separate statistical estimates were de-
sired. Each stratum was then sampled at a different rate
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Table 2. Number of houses tested. size of population sampled. and percent with basement.
Number of houses in target

Number of houses tested population {in 1000s) Percentage
of houses
- State Basement Nonbasement Total* Basement Nonbasement Total with a basement
AL 172 947 1.180 103 431 566 19.3
AZ 45 1.355 1.507 i3 435 482 29
CA 96 1.727 1.885 99 2,053 2.233 4.6
-~ GA 299 1.207 1.534 205 605 826 253
1A 1.208 166 1.381 527 64 594 89.1
ID 447 627 1.142 91 89 187 50.4
IN 997 854 1.914 492 470 993 5.1
KS 1.223 722 2.009 311 181 509 63.2
KY 373 475 879 257 308 586 454
LA 4 1.229 1.314 1 404 432 0.2
MA 1.420 128 1.659 865 78 1.010 91.7
ME 656 158 839 186 43 237 81.3
T Ml 1.591 386 1.989 1.241 269 1.520 82.2
MN 766 153 919 821 146 966 849
MO 1.155 687 1.859 6435 344 999 65.2
NC 332 911 1.290 219 854 1.115 204
ND 1.37} 223 1.596 167 27 194 85.8
NE 1.436 559 2.027 241 65 3n 78.7
NM 127 1,715 1.887 10 177 191 5.4
NV 306 1.196 1.562 9 80 93 9.8
OH 1.246 457 1.734 1.377 436 1.844 76.0
OK 86 1.461 1.637 25 480 538 5.0
PA 2121 248 2.389 2.004 241 2.262 89.3
RI 348 28 376 153 12 166 92.6
sC 98 917 1.089 46 425 505 9.7
TN 452 1.248 1.773 172 333 742 244
VT 425 271 710 71 44 118 61.8
W] 1.014 106 1.19] 831 55 934 93.8
wv 464 491 1.006 145 162 324 47.3
wY 490 230 777 48 21 74 69.9

2 Includes houses for which basement/nonbasement classification was unknown.

‘for example. a sparsely settled stratum with a high

_potential for “*Rn was oversampled). Use of this pro-
cedure ensured a wide dispersement of the sample
across the state and enhanced the chances of finding
areas with elevated radon. In the 30 states surveyed,
1.946 counties out of a total of 1,976 counties had at
least one house tested. and 1,691 counties had at least
four houses tested.

Multiple systematic random samples of telephone
numbers were selected from each stratum. After selec-
tion. each state sampie was partitioned into sample
“waves,” each consisting of a random subsample of 50
residential telephone listings. The waves were num-
bered sequentially and implemented in that order.
This procedure of implementing the sample in waves
provided each state with the option of stopping its
survey at the completion of any sample wave while
maintaining the capability to generate estimates and
standard errors based on a probability sample.

Starting with the first wave and proceeding sequen-

- ually from wave to wave, telephone calls were made to

each of the 50 sample residential phone numbers in a
wave. The interviewer first screened for survey eligibil-
ity, which required that the dwelling qualify as a mem-
ber of the target population described earlier. Once

survey eligibility was established, the owner-occupant
was given descriptive information about “**Rn and the
planned survey and was then asked to participate.
Those agreeing to participate were mailed a charcoal
canister with instructions for placing it on the lowest
livable level of their home. Participants were to mail it
to the EPA analysis laboratory after 48 h of exposure
under closed-house conditions.

Open-face charcoal canisters (Gray and Windham
1987) were used in the first 22 states surveved. Then
the EPA switched 1o barrier charcoal canisters (Gray
and Windham 1990) for California, Idaho. Louisiana,
Nebraska. Nevada. North Carolina. Oklahoma. and
South Carolina. Approximately 95% of all canisters
were exposed during the months of November through
April. The limit of detectionis 19 Bgm™ (0.5 pCi L")
for open-face canisters and 37 Bq m™* (1.0 pCi L™) for
barrier canisters. The performance of the charcoal can-
isters was monitored periodically through the use of
unexposed canisters, canisters exposed to known levels
of **’Rn, and collocated canisters.

The number of telephone numbers initially se-
lected for a given stratum was several times the number
needed. This was necessary to compensate for telephone
numbers that did not vield a survey-eligible housing
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Table 3. Statewide estamates of arithmetic mean, geometric mean. and geometric standard deviation.

Anthmetit mean (Bqm™Y)

Geometric mean {(Bq m™°)

Geometnc standard deviation

All All All
State Basement Nonbasement houses Basement Nonbasement houses Basement Nonbasement houses
AL 165 44 66 67 25 30 3.0 2.7 29
AZ 67 56 59 43 37 36 31 28 2.8
CA 67 33 33 33 19 19 3.4 39 3.9
GA 107 S2 67 82 37 45 2.1 2.4 2.5
1A 348 204 329 24} 134 226 2.5 2.6 2.6
ID 189 74 130 104 41 63 29 3.7 3.7
IN 181 93 137 113 54 78 2.7 2.8 310
KS 144 59 15 101 38 70 24 2.7 2.8
KY 148 58 98 81 33 49 30 29 32
LA - 19 19 - 11 11 - 34 34
MA 133 8s 126 77 36 71 2.7 3.8 29
ME 170 63 152 100 38 83 2.8 27 30
Ml 89 41 78 58 23 49 2.3 2.8 2.6
MN 185 126 178 143 76 130 2.1 29 2.3
MO 115 67 96 76 40 61 24 2.7 2.6
NC 144 30 52 70 15 22 3.0 37 40
ND 281 126 259 202 85 178 22 R 2.4
NE 229 1 204 178 70 144 2.1 3.0 24
NM 215 1 115 144 78 78 24 24 24
NV 233 52 74 126 30 7 37 34 37
OH 181 93 159 93 49 80 3.0 3.3 3.2
OK 100 37 41 56 19 19 33 38 38
PA 303 126 285 131 63 121 3.5 34 35
Ri 122 78 118 75 34 70 2.6 3.1 2.7
SC 137 30 41 67 15 19 3.6 318 40
TN 198 68 99 100 41 50 30 2.8 3
vT 122 48 93 67 27 47 29 30 32
Wi 131 46 127 87 28 80 2.5 3.1 2.8
wv 141 59 96 88 33 52 2.7 2.7 30
wY 156 78 131 103 50 82 2.5 2.6 27

* Not estimated because of small sample size—only four houses.

unit and for some eligible housing units that did not
participate in the survey. Overall, slightly over half the
sample telephone numbers yielded an eligible residence,
but the percentage varied from a low of 34% for Loui-
siana to a high of 63% for Minnesota {Table 1). On
average, about 22% of the sample telephone numbers
vielded residences that were not survey eligible and
about 9% yielded nonresidences. For about 16% of the
telephone numbers, eligibility was never determined,
principally because of persistent ring-no-answer. For
the known survey-eligible residences, about 88% of the
respondents completed the interview and agreed to
place a canister in the home. Not all of these respond-
ents placed and returned the canister in a timely fash-
ion. however, Usable readings were obtained from only
about 72% of the known survey-eligible homes.
Because telephone numbers in different strata were
selected at different sampling rates, it was necessary to
assign sampling weights that counterbalanced the un-
equal selection probabilities. The weights assigned were
the inverse of the sample selection probabilities. An
additional weight adjustment was made to compensate
for nonresponse so population aggregates could be eas-
ilv estimated from the sample data. All data analyses
were carried out using properly weighted data that
reflected the full complexity of the sample design. This

permitted the generation of unbiased statistical esti-
mates (Shah 1984).

RESULTS AND DISCUSSION

In all state surveys, the 2-d screening measurement
was taken in the basement if it was considered livable;
otherwise the measurement was made on the first floor.
Separate analysis results are presented in this paper fo1
houses with basements, for houses without basements
and for all houses combined.

Based on program needs and available resources
each state determined how many houses would b
tested. The actual numbers of houses that provide
valid test data are shown in Table 2 and ranged fror
376 in Rhode Island to 2389 in Pennsylvania. In 24 «
the 30 states, more than 1000 houses were tested. Tab
2 also shows, for each state, the number of baseme
and nonbasement houses tested, the estimated numb
of houses in the target population. and the estimat
percentage of houses with livable basements. The p
centage of basement houses varied from 0.2% in Lo
siana to 93.8% in Wisconsin and definitely refle
geographic location.

Each state survey was designed so that some hou
would have a better chance of being selected into



R in 43.000 houses in 30 states @ S. B. WHITE ET al. 45

Table 4. Statewide distributions of basement screening measurements.

Estimated percentage of houses with screening

measurements >X Bq m~* (pCi L") for X equal to

Maximum

37 74 11 148 185 222 259 296 370 444 555 740 value
State n (" 3 4) 5 6) 7 8 (o a1y a5 2o (Bg m™)
AL 70.2 451 302 223 129 9.0 7.7 5.9 4.1 22 1.9 1.3 6.660
AZ 550 389 205 118 2.3 i.1 0.0 0.0 0.0 0.0 00 00 229
CA 582 196 104 7.7 6.9 6.2 2.5 22 1.9 1.9 1.9 04 1.077
GA 858 533 31.8 194 136 101 54 4.7 29 23 08 00 692
IA 97.0 90.0 82t 735 657 59.0 515 437 337 248 157 8.1 4,814
1D 836 638 441 291 230 209 177 16.1 13.7 106 5.3 34 2,194
IN 858 669 514 392 294 224 184 153 108 84 60 23 2,657
KS 87.1 638 468 324 225 172 127 9.2 5.3 37 2.7 1.1 1,776
KY 748 499 336 282 229 19. 16.2 134 8.4 6.4 40 33 2424
LA®
MA 76.5 491 336 238 165 13.1 10.0 7.8 54 4.1 2.3 1.4 7,359
ME 822 609 449 350 273 230 182 143 9.8 6.7 44 22 3818
Mi 66.5 344 203 133 8.8 6.4 49 39 21 1.7 08 04 5.998
MN 966 800 628 492 355 264 210 162 9.1 5.5 26 1.3 1,783
MO 718 466 304 214 156 105 8.6 6.9 4.8 31 1.7 08 1,917
NC 71.7 495 343 235 166 124 9.8 7.6 49 3.2 1.9 1.4 12,277
ND 98.8 922 804 662 523 411 333 275 197 141 9.1 5.0 6.815
NE 982 886 754 614 485 393 295 233 130 8.7 49 25 4,566
NM 935 749 592 498 387 311 239 162 110 6.5 49 39 3.900
NV  .89.9 735 557 478 400 329 283 256 20. 145 118 6.5 1,728
OH 78.2 545 412 329 269 222 182 145 104 8.0 59 37 9.816
OK 71.3 434 253 176 147 9.8 79 59 4.5 1.0 1.0 1.0 910
PA 86.1 656 514 424 362 311 276 247 189 160 122 86 10.120
RI 77.1 457 295 216 168 129 9.2 6.6 49 35 20 1.7 2,372
SC 706 522 299 247 143 102 8.1 7.0 5.1 40 20 1.0 2,986
TN 839 585 435 329 239 181 156 138 103 8.4 6.8 4.9 3.696
vT 69.2 417 297 222 19.2 137 120 9.6 53 3.6 2.3 t.5 1,739
Wi 82.3 582 418 278 194 130 9.5 6.7 4.3 3.2 1.8 038 3,297
A" 81.8 564 392 288 201 155 11.8 94 7.1 58 3. 1.6 1.547
wY 88.8 622 453 325 233 157 127 101 7.1 5.3 4.2 26 2,020

* Estimates for Louisiana are not shown because of small sample size-——only four houses.

sample than others. To counterbalance these unequal
selection probabilities, appropriate sampling weights
were calculated and used in analyzing the resulting
screening measurements to assure unbiased statistical
estimates (e.g., geometric mean, arithmetic mean).

Statewide estimates

The arithmetic mean (AM), geometric mean
(GM). and geometric standard deviation (GSD) are
shown in Table 3 for basement houses, nonbasement
houses. and all houses combined. As expected, ***Rn
measurements taken in livable basements are, as a
group, higher than measurements made on the first
floor of nonbasement houses. This is clearly evident in
each of the 30 states surveyed. Basement AMs ranged
from 67 Bqm™ (1.8 pCi L™') in Arizona and California
to 348 Bq m~* (9.4 pCi L™') in lowa. Nonbasement
AMs ranged from 19 Bq m™ (0.5 pCi L™") in Louisiana
to0 204 Bq m™ (5.5 pCi L™") in Iowa. On a statewide
basis. Louisiana has the lowest and Jowa has the highest
3Rn level. Overall comparisons among states can be
misleading because of statewide differences in the per-

centages of houses with basements. For instance, Kan-
sas and New Mexico are similar in that both have
statewide AMs of 115 Bg m™ (3.1 pCi L™'). This
similarity between the states is not evident when base-
ment houses are compared or when nonbasement
houses are compared—the AM in New Mexico is 49%
higher than in Kansas for basement houses and 88%
higher for nonbasement houses. The reason why both
statewide estimates of the AM are the same is because
Kansas has a higher portion of houses with livable
basements—63.2% as compared to 5.4% in New Mex-
ico.

The GMs for basement houses range from 33 Bq
m™* (0.9 pCi L") in California to 241 Bq m™ (6.5 pCi
L™') in lowa. For nonbasement houses, Louisiana has
the lowest GM (11 Bq m~, or 0.3 pCi L") and Iowa
has the highest (134 Bq m™, or 3.6 pCi L™!). Although
not included in this paper, estimates of the median (i.e.,
50th percentile) were derived for basement and non-
basement houses in each state. In each case, the esti-
mates of the median and the GM were very similar—
an indication that screening measurements may be
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Table 5. Statewide distributions of first floor screening measurements taken in nonbasement houses.

a Estimated percentage of houses with screening
measurements >X Bq m™ (pCi L) for .\ equal to .
Maximum

37 74 11 148 185 222 259 296 370 444 555 740 value
Siate H () 3) (4 5) 6 N 8 ey (1 ds 20 (Bgm™)
AL 329 109 4.7 3.0 22 1.7 1.4 1.1 0.7 04 0.2 0.1 4777
AZ 526 234 118 6.3 3.1 1.5 0.6 0.5 04 02 .04 0.1 1.880
CA 306 101 35 2.1 1.8 1.2 0.8 0.5 02 02 0.2 0.1 1.010
GA 529 182 8.3 3.7 2.1 1.4 1.1 0.8 04 0.2 0.1 0.0 611
1A 894 722 603 510 406 319 271 186 120 8.8 48 27 1.358
1D 590 320 198 102 7.9 4.8 4.1 24 1.9 1.6 0.2 0.2 2,009
IN 614 365 237 173 128 8.7 6.0 44 28 1.6 10 07 1.691
KS 522 273 126 59 39 21 1.6 0.8 04 04 03 0.1 1.184
KY 411 17.7 108 8.0 6.2 42 3.6 3.2 1.7 08 06 0.1 936
LA 12.8 31 1.1 0.9 0.5 0.2 0.2 0.0 00 00 00 00 296
MA 46.8 265 17.3 149 102 9.4 8.6 79 63 3.1 24 1.6 888
ME 487 235 137 100 49 26 1.8 1.8 1.6 08 08 00 707
MI 281 125 6.7 4.1 2.5 1.0 0.7 0.7 04 03 03 0.0 670
MN 77.5 546 321 242 180 132 105 8.7 7.7 3.9 1.8 1.4 940
MO S0.6 274 144 9.2 5.0 3.2 2.2 20 1.3 09 04 04 1.388
NC 24,5 8.5 5.2 24 1.4 0.7 0.7 0.3 02 02 01 0.0 696
ND 785 584 405 278 187 149 103 8.1 5.1 3.2 0.8 0.0 611
NE 768 533 360 247 184 112 9.8 5.1 28 08 0.1 0.0 585
NM 8§22 523 320 206 142 9.3 6.7 5.1 38 20 1.2 0.7 3.230
NV 47.2 204 10.9 6.3 36 20 1.6 1.5 1.0 05 02 0.1 973
OH 60.2 389 236 161 127 8.4 7.1 6.3 36 28 1.1 0.2 844
OK 351 137 5.3 25 1.8 1.3 1.0 0.7 07 04 03 00 685
PA 61.7 444 295 250 214 159 128 9.6 64 5.1 3.2 20 1.584
RI 46.7 222 111 1.5 38 38 38 38 38 38 38 38 966
SC 273 8.3 29 1.6 1.1 0.9 0.5 04 02 0.2 0.2 0.2 1.709
™ 520 262 150 103 59 44 35 25 1.7 14 08 2 921
VT 339 169 9.9 6.6 49 31 2.1 1.8 1.1 0.8 0.8 0.0 577
Wl 48.6 143 7.9 6.7 45 0.2 0.0 0.0 00 00 00 00 252
WV 435 180 8.4 4.7 3.2 2.4 1.6 1.3 09 0.7 0.5 02 3.038
WY 584 329 203 116 7.6 4.6 43 35 2.1 1.2 04 04 992

approximated by a lognormal distribution, The GSDs
were about the same for basement and nonbasement
houses. Across all 30 states, most GSDs fall between
2.5 and 3.5. In calculating the GM and GSD. all
screening measurements <0.0 Bq m™? were set equal to
2 Bg m™ (0.05 pCi L™') prior to taking logarithms.
There are more sophisticated ways of handling nonpo-
sitive readings (Gilbert 1987). but the low percentage
found in these surveys did not warrant their use. A
negative reading occurs whenever the observed number
of counts is less than the background count established
for the counting device.

Distributions of screening measurements of “**Rn
taken in basements are shown in Table 4. For each
state, the estimated percentage of houses in the target
population exceeding X is given for 12 values of X
ranging from 37 Bq m~ (1.0 pCi L™') to 740 Bq m™*
(20.0 pCi L™'). The upper limit of 740 Bq m™ equals
or exceeds the 95th percentile in 26 of the 30 states.

The 12 percentages shown in Table 4 for a given
state may be used to approximate percentiles of interest
(e.g., 50th, 90th) or may be plotted on logarithmic
probability paper as a visual check of the assumption
that screening measurements are lognormally distrib-
uted (plotted points will lie on a straight line if the
assumption is true). Table 4 may also be used to deter-
mine for the various states the expected percentages of

houses exceeding a specific level. For example, more
than 60% of the houses with livable basements in lowa,
Minnesota, North Dakota, and Nebraska exceed 111
Bg m~ (3.0 pCi L™"). Furthermore, the estimated per-
centages of houses with livable basements for the four
states are high—ranging from 79% to 89% (Table 2).

Distributions of screening measurements taken on
the first floor of nonbasement houses are given in Table
S for the 30 states. For completeness, statewide distri-
butions of screening measurements taken in both base-
ment and nonbasement houses are presented in Table
6. Note that the format of Table 4 is maintained in
constructing Tables 5 and 6. Consequently. the general
comments in the previous paragraph apply equally to
the distributions shown in Tables 5 and 6. A plot of the
individual state percentages given in Table 6 under the
column heading of 148 Bq m™ is shown in Fig. 1.

The extent to which observed distributions depart
from a lognormal distribution characterized by the
parameters geometric mean and geometric standard
deviation is discussed later in this paper using screening
measurements from all 30 states.

30-state area estimates

Screening measurements from 43.054 houses
tested in 30 state surveys, along with the corresponding
sampling weights, were combined into one data set and
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Table 6. Statewide distributions of screening measurements taken on the lowest livable level in all houses.

Estimated percentage of houses with screening

measurements >X Bq m~* (pCi L'} for X equal to

Maximum

37 74 111 148 185 222 259 296 370 444 555 740 value
State (H ) 3) 4 (5) (6) ) ® (10 12y a5 0 (Bqm™)
AL 396 174 9.6 6.4 4.] 3.0 2.5 2.0 1.3 0.7 0.5 0.3 6.660
AZ 51.9 235 12.0 6.5 33 1.7 0.8 0.6 04 0.3 0.2 0.1 1.880
CA 31,6 105 38 24 2.0 1.4 0.9 0.6 0.3 0.3 0.3 0.1 1.077
GA 606 268 14.1 7.5 5.0 3.6 2.2 1.7 1.0 0.7 03 00 692
1A 96.1 880 79.7 71.0 629 562 489 409 312 230 144 7.5 4814
ID 70.7 472 313 193 152 127 107 9.2 7.7 6.0 2.7 1.8 2,194
IN 73.7 519 379 285 212 157 125 1041 6.8 5.0 35 1.5 2,657
KS 74.2 499 339 225 157 1.7 8.5 6.1 35 2.5 1.8 0.7 1,776
KY 56.0 322 210 171 138 110 9.4 8.0 4.6 33 2.2 1.5 2,424
LA 12.3 3.1 1.1 0.8 0.4 0.2 0.2 0.0 0.0 0.0 0.0 0.0 296
MA 735 466 316 227 158 126 9.8 7.8 54 38 2.2 1.3 7.359
ME 75.6 532 389 299 228 190 150 117 8.2 5.6 38 1.9 3,818
MI 596 306 178 11.7 7.7 5.5 4.1 33 1.8 1.4 0.7 0.4 5.998
MN 937 762 582 454 328 244 194 150 8.8 53 2.5 1.4 1.783
MO 682 398 247 170 11.8 7.9 6.3 5.2 3.6 24 1.2 07 1.917
NC 335 166 111 6.7 4.4 31 2.5 1.8 1.2 0.8 04 03 12,277
ND 959 874 747 60.7 475 374 300 247 176 126 80 43 6.815
NE 936 81.1 668 535 419 332 250 192 107 7.0 38 1.9 4,566
NM 824 529 331 219 152 103 7.5 5.6 4.1 2.2 14 08 3,900
NV 523 257 152 10.2 7.1 5.0 4.2 39 3.0 1.9 1.4 08 1,728
OH 738 508 370 290 234 188 155 126 8.7 6.8 4.7 2.8 9,816
OK 36.1 14.8 6.1 33 2.5 1.7 1.4 1.0 0.9 0.4 03 00 910
PA 835 633 490 405 346 295 260 231 176 149 11.2 7.9 10.120
RI 748 440 28,1 206 158 122 8.8 6.4 4.8 35 22 1.9 2,372
SC 312 122 6.4 37 23 1.7 1.3 1.1 0.7 0.6 04 03 2.986
TN 59.7 339 21.7 158 104 7.8 6.4 52 3.8 3.1 2.2 1.3 3,696
VT 55.6 317 218 159 135 9.5 8.0 6.5 3.6 2.5 1.7 09 1,739
Wi 79.8 554 394 266 186 12.1 8.9 6.4 4.2 3.2 1.8 08 3,297
wv 61.2 355 225 157 109 8.4 6.3 5.1 39 3.2 1.7 0.8 3.038
wY 79.0 53.3 378 262 187 123 102 8.0 5.6 4.1 3.0 1.8 2,020

analyzed. The results are summarized in Table 7. These
results apply to an estimated population of 22 million
houses located over a 30-state area that had a positive
probability of being selected for testing.

The AM, GM, and GSD are shown in the upper
portion of Table 7 for basement houses, for nonbase-
ment houses, and for all houses. For all houses, the AM
is 124 Bqm™ (3.4 pCi L), the GM is 54 Bqm™ (1.5

pCi L"), and the GSD is 3.9. As noted previously for
individual state surveys, the AM and GM are much
higher in basement houses than in nonbasement
houses. Basement houses exhibit a GSD of 2.9 as com-
pared to 3.6 for nonbasement houses.

The estimated percentages of houses with screening
measurements exceeding selected concentration values
are shown in the lower portion of Table 7 for basement

Table 7. Summary results by house type for 30 state surveys.

Number of houses

) Geometric  Number of in target Percentage of
Arithmetic Geometric standard houses population houses with
House type  mean (Bqm™) mean(Bqm™)  deviation tested (in 1000s) a basement
Basement 185 + 3.3 99 + 0.4 29 20,768 11.375
Nonbasement 54+0.8 27+ 0.6 3.6 20,880 9,536
All houses 124 £ 1.9 54+04 39 43,054° 21,551 544
Estimated percentage of houses with screening
measurements >X Bq m~ (pCi L™') for X equal to
37 74 111 148 185 222 259 296 3710 444 555 740
House type (N ) 3) @ (&) (6) (7) (& (o, (1) (15 0
Basement 818 587 439 340 265 214 176 146 103 7.9 53 33
Nonbasement 41.7 196 107 7.0 5.0 34 26 2.0 1.3 0.9 0.5 0.2
All houses 63.0 405 284 214 165 130 106 8.7 6.1 46 3.1 1.9

* Standard error of the parameter estimate.

® Includes houses for which basement/nonbasement classification was unknown.
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Table 8. State survev results for nonbasement houses con-
trasted with published national $tatistics.

30 state
surveys Alter and
(nonbasement Nero et al. Cohen Oswald®
Parameter houses) (1986)  (1986) (1987)
Arithmetic mean
Bgqm™ 54 55 54 160
pCi L™ 1.5 1.5 1.5 4.3
Geometric mean
Bqm™ 27 33 38 63
pCi L™ 0.7 0.9 1.0 1.7
Geometnic standard 3.6 28 24 3.5
deviation

* Esuimates do not include data from six states that had more than
1000 measurements.

houses. for nonbasement houses. and for all houses.
For consistency, the 12 selected concentration values
are the same as those used to characterize the distribu-
tions within individual states. A more detailed descrip-
tion of the distributions of screening measurements for
the 30-state area is given in the next section.

As noted earlier, *’Rn concentrations at the na-
tional level were reported by Nero et al. (1986). Cohen
(1986). and Alter and Oswald (1987). There are notable
differences in these studies and the state surveys. First,
these studies used a self-selected sample of households
as opposed to a probability-based sample. Second. these
studies used detectors located in the usual or main
living area rather than in the lowest living area. Third.
these studies used test periods up to 1 v as contrasted
to a 2-d exposure period. Because of these fundamental
differences. close agreement between published na-
tional level concentrations of indoor ***Rn and the
findings of the 30 state surveys is not necessarily antic-
ipated.

The AM. GM. and GSD provided by the three
referenced studies are shown in Table 8 along with
corresponding results for nonbasement houses in the
state surveys. Results for nonbasement houses are
shown because the referenced studies used measure-
ments taken primarily on the first floor. This provides
a more meaningful basis for making comparisons. The
results reported by Nero et al. (1986) and Cohen (1986)
are similar and. for the most part. agree with the find-
ings in the state surveys even though the latter are based
on 2-d screening measurements taken during the winter
season under closed-house conditions. The national
level concentrations reported by Alter and Oswald
(1987) are significantly higher than the other published
results. probably because of the positive bias expected
in a data base containing multiple test results from
homeowners who elect to have their houses tested:
Many of these homes may be located in high-risk areas.

Adequacy of lognormal distribution
Therc are many who believe that the distribution
of indoor **’Rn concentrations in randomly selected
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houses can be adequately approximated by a lognormal
distribution with parameters geometric mean and geo-
metnc standard deviation. and there is evidence to
support this belief (Cohen 1986: Nero et al. 1986; Alter
and Oswald 1987; Fjeld et al. 1990). There are others
who feel that a lognormal distribution tends to under-
estimate the actual percentages in the upper tail,
namely. houses with very high concentrations (Goble
and Socolow 1989 Levy and Small 1990).

The extent to which the observed distribution of
screening measurements can be approximated by a
lognormal distribution is examined using data aggre-
gated over all 30 states. First. a table of relative fre-
quencies is constructed from observed screening meas-
urements. Because of the large number of houses tested
over the 30-state area, the table contains 33 intervals—
the first interval includes concentrations <37 Bq m™
(1.0 pCi L™") and the last is an open-ended interval that
includes concentrations >2960 Bq m™* (80.0 pCi L™").

Next. the relative frequency expected under a log-
normal distribution is calculated for each of the 33
intervals using the geometric mean and geometric
standard deviation estimated from the observed screen-
ing measurements. Judgment of how well the lognormal
distribution approximates the observed distribution is
then made by simply comparing the two relative fre-
quency distributions on an interval-bv-interval basis.
This approach for assessing the appropriateness of a
lognormal distribution is applied to 1) 20,768 screening
measurements taken in basement houses. 2) 20,880
screening measurements taken in nonbasement houses,
and 3) 43.054 screening measurements taken in both
basement and nonbasement houses. The results are
shown in Table 9.

Normal probability plots (using weighted cumula-
tive frequencies) for basement houses. for nonbasement
houses. and for all houses in the 30-state area are shown
in Fig. 2. The solid lines represent the cumulative
percent expected under the assumption of a lognormal
distribution. Estimates of the parameters GM and GSD
used in constructing these lines are given in Table 7. In
each case. the plotted points fall on or near the solid
line.

It 1s evident from Table 9 and Fig. 2 that screening
measurements in basement houses. in nonbasement
houses. and in ail houses as a group can be adequately
approximated by a lognormal distribution. It should be
noted that at a concentration of 1480 Bq m™ (40.0 pCi
L™'). the lognormal distribution begins to underesti-
mate the observed distribution of basement measure-
ments (Table 9). The magnitude of the underestimate
1s, however. quite small. For example, 0.21% of the
observed basement readings are greater than 2960 Bq
m~3 (80.0 pCi L™'). as compared to 0.08% estimated
from the lognormal distribution. On the other hand,
at higher concentrations, the lognormal distribution
overestimates by a very small margin the observed
distnibution of measurements in nonbasement houses
(Table 9).
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Table 9. Comparison. by house type. of the observed relative frequency distribution of screening measurements
over a 30-state area with relative frequencies expected under a lognormal distribution.

Interval Basement houses Nonbasement houses All houses
(Bqm™") Observed Lognormal Observed Lognormal Observed Lognormal
=37 18.19 18.01 58.29 59.67 36.98 39.06
318-74 23.12 21.34 22.09 18.60 22,56 20.25
75-111 14.77 1491 8.91 8.06 12.03 11.09
112-148 9.97 10.34 3.68 4.29 7.02 6.90
149-185 7.41 7.37 2.04 2.57 4.92 4.67
186-222 517 5.41 1.60 1.67 3.50 332
223-259 3.75 4.07 0.78 1.14 2.36 247
260-296 3.04 313 0.63 0.81 1.91 1.90
297-333 2.34 2.46 0.41 0.60 1.45 1.48
334-370 1.94 1.95 0.28 0.45 1.17 1.19
371-407 1.40 1.58 0.22 0.35 0.84 0.97
408-444 1.00 1.29 0.20 0.28 0.64 0.80
445-481 1.07 1.06 0.i4 0.22 0.63 0.67
482-518 0.86 0.89 0.13 0.18 0.52 0.56
519-555 0.64 0.74 0.09 0.15 0.39 0.48
556-592 0.59 0.63 0.06 0.12 0.34 0.41
593-629 0.46 0.54 0.05 0.10 0.27 0.36
630-666 0.30 0.46 0.04 0.09 0.18 0.31
667-703 0.34 0.40 0.05 0.07 0.21 0.27
704-740 0.38 0.35 0.04 0.06 0.22 0.24
741-777 0.29 0.30 0.05 0.05 0.17 0.21
778-814 0.20 0.26 0.01 0.05 0.12 0.19
815-851 0.20 0.23 0.04 0.04 0.12 0.17
852-888 0.22 0.20 0.02 0.04 0.12 0.15
889-925 0.18 0.18 0.01 0.03 0.10 0.14
926-1110 0.55 0.65 0.05 0.11 0.32 0.51
1111-1295 0.37 0.39 0.02 0.06 0.20 0.33
1296-1480 0.21 0.24 0.02 0.04 0.13 0.22
1481-1850 0.42 0.27 0.03 0.05 0.23 0.27
1851-2220 0.15 0.14 0.00 0.00 0.08 0.15
2221-2590 0.16 0.07 0.00 0.00 0.08 0.08
2591-2960 0.11 0.04 0.00 0.03 0.06 0.06
>2960 0.2} 0.08 0.01 0.01 0.12 0.15
CONCLUSIONS 100 3700

In every state. basement levels of ***Rn were higher
than first floor levels in nonbasement houses. Overall,
the arithmetic mean of basement screening measure-
ments was [85 Bq m™ (5 pCi L™') as compared to 54
Bq m™* (1.5 pCi L") for first floor measurements in
nonbasement houses. Levels of “**Rn varied widely
from one state to another: the anthmetic mean of 2-d
measurements ranged from 19 Bq m™* (0.5 pCi L™') in
Louisiana to 329 Bqm™* (8.9 pCi L™') in lowa. Elevated
screening results or concentrations were found in all
states: 26 of the 30 states had at least one 2-d test result
greater than 1700 Bq m™* (46 pCi L™'), and 12 states
had at least one test result greater than 3700 Bq m™}
(100 pCi L™Y).

Basement screening results in the 30-state area can
be adequately approximated by a lognormal distribu-
tion with a geometric mean (GM) = 99 Bq m™ (2.7
pCi L™') and a geometnc standard deviation (GSD) =
2.9. Similarly, first floor results tended to follow a
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lognormal distribution. with a GM = 27 Bq m™ (0.7
pCi L") and a GSD = 3.6. This distribution of first
floor measurements compares favorably with the na-
tionwide distribution reported by Nero et al. (1986),
GM = 33 Bq m™* (0.9 pCi L") and GSD = 2.8. and
the nationwide distribution reported by Cohen (1986),
GM =38 Bgm™ (1.0 pCi L™"y and GSD = 2.4. There
is some evidence that. at high concentrations. a lognor-
mal distribution underestimates, by a small margin. the
observed distribution of basement measurements and
overestimates (again by a small margin) the observed
distribution of first floor measurements.

A wintertime screening measurement taken in the
lowest livable level is an indicator of the maximum
exposure to *2Rn: it is not a direct measure of average
concentration over extended periods. The 30 state sur-
veys were not designed to characterize long-term (e.g.,
annual) levels of **Rn to which occupants are exposed.
Thus. the results shown in this paper should not be
used directly in making risk assessments.
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Ill. FACTORS AFFECTING INDOOR CONCENTRATIONS

The concentration of radon in homes and other buildings varies substantially from one area to
another, from one structure to another, and even within the same structure. Likewise, in the
same building there is often a substantial variation with time on various temporal scales, i.e.,
season to season, week to week, and on a daily or hourly basis. Understanding the nature and
origin of such variability is important as a basis for evaluating the scope of the radon problem
(and indeed simply for interpreting monitoring data) and for formulating effective strategies
for control. We first examine the dependence of concentration on time, and to a lesser extent
on location, within the same structure. We then examine the sources and transport of radon,
as a basis for understanding where high concentrations are likely to occur and for designing
effective techniques for reducing the rate of entry of radon into the indoor atmosphere.

A. Temporal and Spatial Dependence

The previous section reviewed U.S. monitoring data, indicating not only the variability of
indoor concentrations from one area to another, but also the critical dependence of
concentration measurements on the time period and location of monitoring. The question of
monitoring techniques and protocols is the subject of a later section, but we here review
briefly some of the primary information on temporal and spatial dependencies, both to
understand better the interpretation of monitoring data and as a further indication of the
importance of differences in sources and transport processes in determining the indoor
concentration.

Numerous measurements of radon in dwellings have indicated the substantial variation with
. 222 . . e ® ars h .

time of Rn and its decay products. This variability occurs with time of day, weather
conditions, or season. Without ascribing any cause to this variability - which is certainly
related to environmental or operational parameters affecting radon entry or removal (or
behavior of the decay products) ~ we here indicate the nature of time variability by example.

One of the earlier examples of short-term variability was obtained using continuous 22°Rn
monitors in a New Jersey house, measuring basement and upper floor concentrations over a
period of weeks (Spitz et al. 1980). A significant diurnal dependence was observed, consistent
with later measurements, which however sometimes showed a stronger difference between
maxima and minima.

Subsequent work has examined the dependence of concentrations on various factors, directly
measuring not only the concentration, but also source parameters and environmental factors
affecting radon entry and ventilation rates (Nazaroff et al. 1985). An example of such real-
time measurements is shown in Figure 9. Detailed examination of such correlations is
important for understanding radon entry and removal, as discussed later in Section B.

More recent studies of radon entry have provided further information on the variability of
indoor concentrations over different time scales. For example, Figures 10 and 11 show data
from one of 14 New Jersey houses in which measurements examining the effectiveness of
control techniques were performed over a period of approximately one year. Figure 10 shows
data in which short-term variations can be seen, while Figure 11 shows results from the same
house after averaging over 3-day periods. In either case, substantial variability is evident.

It is also known that substantial seasonal variability occurs, as is often seen between winter and
year-long measurements. For example, Table 4 shows a comparison of winter and annual-
average results from four different studies from Nero et al. (1986), giving the average and
lognormal parameters. In these studies, the average of measured annual-average concentrations
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Figure 9. Variability of 222Rn concentration, ventilation rate, and environmental parameters in a
house in a basement.

These data were accumulated over a two-week period during a several-month experiment examining
the dependence of radon entry on environmental factors (Nazaroff et al. 1985).
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Figure 10.
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Radon concentration in the living space as a function of time.
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Data are from a house studied in New Jersey (cf. Revzan 1989). Also shown (dashed line) is the
temperature difference between indoors and outdoors.

Figure 11.

Living Area Radon (Bq m™?)

TIOY[TITIVTIYIT T A

750

600
L

450
T

300
1

150
T

1 [

.................. (AALLALLALLY WAL

1

° uuul
20 SEP 01 NOV 13 DEC 24 JAN

Radon concentration in the living space as a function of time, averaged over three-day

periods.

Data are from the same house as in Figure 10.

44

07 MAR 10 APR

30 MAY

XBL 901-217

11JLL



is less than the average winter values (although the difference is modest in the case of Maine).
If we calculate the ratio of annual-average concentrations to winter concentrations, this is
found to average 0.72. This difference has important implications for the potential
interpretation of the large-scale data sets acquired primarily since 1985, discussed previously.
Equally significant, in this case for assessing the prevalence of higher-than-average
concentrations, is that the width of the annual-average distribution is also smaller, as given by
the GSD. Assuming the GSD was the same, and that the entire distribution was merely scaled
in proportion to the average in going from winter to annual-average, could thus overestimate
the fraction of homes having concentrations above levels of concern such as 150 Bq/m? and
740 Bq/m>. In a more recent study in Colorado, Borak et al. (1989) found - using etched-
track detectors - the ratio of measured annual concentration to the average of summer and
winter measurement results to have a mean of 1.0 + 0.3. On the other hand, the GSDs for
winter and summer were similar to that for year-long measurements.

The New York State survey (Hartwell et al. 1987) gives an indication of the effects of seasonal
differences, based on a statistical sample. This effort gave an average of 41 Bg/m? (1.1 pCi/1)
for year-long measurements in the living space, in contrast to 52 Ba/m® (1.4 pCi/l) for 2-
month winter measurements. This yields a ratio of 0.79, in the range from Nero et al. (1986).
Percentages greater than 148 Bq/m3 (4 pCi/l) were 4.2% and 5.0% for year-long and winter
measurements, respectively, showing only a slight difference. The results of Borak et al.
(1989) show a greater difference, i.e., a winter to annual ratio of approximately 0.65 and
percentages greater than 150 Bq/m® of 50% for winter and 20% for annual measurements.

Turning to spatial differences, the New York State study found a substantial difference
between basement and living-space concentrations, with basement values averaging 100 Bq/m3
(2.7 pCi/l), based on year-long measurements, approximately 2.5 times the living-space
average. This factor is generally consistent with other information. For example, Alter and
Oswald (1987) found a ratio of 2.0, as noted above, although this is generally for shorter-term
measurements. And Cohen (1989) finds an average in basements of 249 Ba/m3 (6.7 pCi/l), a
factor of 2.0 times the average from living-space measurements. The New York ratio may be
larger than these because it is a comparison of year-long measurements and because, whereas
the living-space value tends to change substantially between winter and summer, basement
values are thought to be more stable. Thus, for example, the ratio basement (year-iong) to
living-space (winter) measurements is 1.9, quite close to the other results cited. Finally, there
is significant evidence that, for houses with higher than average concentrations, basement
concentrations may exceed those in living areas by more than a factor of 2, an example being
the factor of § differential for higher-concentration houses, found in NJSDH 1989.

B. Sources and Transport Processes

Radon arises from trace concentrations of radium in the earth's crust, and indoor
concentrations depend on access of this radon to building interiors. Radon can enter directly
from soil or rock, via utilities such as water (and, in principle, natural gas) that carry radon, or
from crustal materials that are incorporated into the building structure in the form of concrete,
rock, and brick. The relative importance of these pathways depends on the circumstances, but
it has become clear that the first - direct ingress from the soil - ordinarily dominates the
higher indoor concentrations that have been observed in homes.

Indications of this arose in early investigations of radon in U.S. houses, when it was found that
measurements of radon emanating from structural materials could not account for observed
indoor concentrations, based on estimates of the air exchange rate (George and Breslin 1980).
Moreover, practical experience in reducing concentrations in the Canadian mining communities
made it clear that the major entry route was through the house undersfructure, at least in the
houses in which remedial measures were attempted (Scott 1988).
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possible, and this poses a difficult problem for estimating exposure. It
is emphasized that an attempt should be made to obtain the best data
which can be used in estimating annual averages.

Identification of areas with a high radon risk can be carried out with
short-term measurements of either radon or the daughter products.
These measurements are usually performed under conditions designed
to maximize the result, for example, sampling after the house has been
closed for some time and sampling in the basement rather than the
living quarters.

Scientific studies may make use of any of the techniques described,
but tend to lean on instantaneous or continuous recording devices.
Additionally, such studies frequently are designed to seek out sources
or pathways and aim at sampling limited areas within a house.

Measurements made while conducting remedial action are generally
short-term or grab sampling to identify a persistent source. Once
remediation is completed, long-term measurements are necessary to
demonstrate that the annual average exposure has been reduced to
desired levels. In some instances, where elevated and unevenly distrib-
uted **Ra in soil is the source, flux measurements made at many spots

on walls and floors can help to identify anomalously high entry points
for radon.

132 Short-Term Versus Long-Term Measurements

The choice of method for exposure assessment is usually dictated by
the instrumentation and effort available. The simplest methods are
short-term or grab sampling methods and require repeat measurements
for the estimation of annual average exposure.

The simplest on-site method is the single alpha count of a filtered air
sample by the Kusnetz or Rolle method. This provides a rapid measure-
ment of the radon daughter working level. It is more prudent to alpha
count this same sample three times rather than only once since this
allows evaluation not only of the WL but also the concentrations of the
specific daughters nuclides. The Thomas method or the Scott MRK,
(Scott 1981) method provides these data and the Scott method utilizes
the second or third count interval to directly compute working level.

Alpha counting a filtered air sample provides immediate results and
is useful in screening. Low background, high-efficiency alpha counters
are available so that even outdoor radon daughter concentrations may
be measured this way. Samples should be recounted after from 3 hours

s imme sa oo T #

13.

to one ¢
ence. If
ment, t
determi
ately frc
Ifa'
present
to provi
Spot
collecti:
phosph
measur
from 0.
radioac
{about -
entranc
must g
filling.
flask al
site, an.
is usual
Ther
screenir
sample
are nece
Long.
plers (t
Sample
be sent
of the :
radon ¢
necess2
Harle
studied
summesl
actualr
Othe:
ment fc
based n
detecto:
A str
sometir




~1

Yy

to

ots
ntg

1a

-

13.2 SHORT-TERM VERSUS LONG-TERM MEASUREMENTS / 121

to one day to ensure that thoron daughter activity is not an interfer-
ence. If it is possible to utilize an alpha spectrometer for the measure-
ment, the detection limit is usually improved because of the ability to
determine ?*Po and #‘Po separately, and to distinguish these immedi-
ately from any thoron daughters.

If a WL meter is available, this provides a spot check of the WL
present at one point in time but repeated measurements are necessary
to provide an estimate of annual exposure.

Spot radon measurements are possible by collecting air samples. The
collecting vessel is usually a counting flask lined with zinc sulfide alpha
phosphor. This can be placed directly on a photomultiplier tube for
measurement. The containers, often called Lucas flasks, vary in volume
from 0.1 liter to many liters. Counting can commence as soon as
radioactive equilibrium between radon and the daughters is established
(about three hours). These flasks are equipped with either one or two
entrance ports for filling. The single-port flask is less desirable since it
must generally be evacuated and taken to the site and opened for
filling. This relies on the integrity of the vacuum seal. The two-port
flask allows air to be drawn through the flask by a small pump at the
site, and filling is complete and unambiguous. Counting of either type
is usually performed upon return to a central site or laboratory.

The radon grab sample provides immediate results and is useful for
screening purposes but has the same drawbacks as any instantaneous
sample for estimating annual exposure and repeat measurements
are necessary.

Longer-term radon measurements are possible with charcoal sam-
plers (two to seven days) and this technique is easy to implement.
Samplers can be deployed by individual home owners and samplers can
be sent out and returned by mail to the central site for gamma counting
of the radon daughters. These are in equilibrium with the adsorbed
radon on the charcoal within a few hours. Repeat measurements are
necessary for determining an annual average radon exposure.

Harley and Terilli (1988) report that, based on two different homes
studied for 18 months, two one-week measurements, taken one in
summer and one in winter, and averaged, will yield within +50% of the
actual measured annual average *?Rn concentration.

Other longer-term radon monitoring measurements, with deploy-
ment for periods of up to a few months, can be performed with TLD
based monitors and for up to a full year with solid state nuclear track
detectors.

A strategy for rapid measurement of the radon level in a home is
sometimes necessary. This usually is required for the buying or selling
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of homes but other situations such as assessment of a workplace or
public building can arise. In this case a valid measurement of radon
concentration over a short time interval with charcoal, working level
monitor or even grab radon samples taken in a living or working area
may suffice to provide some guidance. This measurement should not be
confused with measurements for actual human exposure which must
be conducted on a longer term basis.

A short term (say two to four day) sample taken in the basement of
an average home in the winter might yield a value of perhaps 200 Bq
m- (4 pCil'). A decision that exposure of the occupants is in the range
necessary for remedial action cannot be made from this measurement.
First floor and second floor radon concentrations generally average 2 to
5 times lower than basement concentrations depending upon season
and other variables related to the specific dwelling such as type of
heating. Thus, 200 Bq m™ in the basement most likely indicates the
typical value of 40 to 100 Bq m™ in the upstairs living space.

The single rapid measurement provides little useful information con-
cerning compliance with any established guidelines for exposure of
individuals within a dwelling (and thus the need for remediation). A
short term measurement can provide information that a home has
unusually high radon concentrations. Radon concentrations in excess
of 2000 Bq m* regardless of season or location within the dwelling will
assure that some radon reduction technique (NCRP, 1988b) is neces-
sary in the dwelling to conform with guidelines (NCRP, 1984a).

Valid exposure measurements can only be obtained with long term
follow-up integrating measurements or several measurements of a
week’s duration taken during a minimum of two seasons per year. The
measurements for exposure must be conducted in the living space
within the home.

13.3 Reporting of Data

The reporting of data should reflect the sampling intervals involved.
The best estimate of exposure on an annual basis is with long term
monitoring and the use of time weighting to include exposure out of
doors and in buildings other than the home. Time weighted average
exposures are calculated as follows:

ANNUAL EXPOSURE (WLM) = (1/170) [ (WL),(Hours),
+ ...+(WL)(Hours),] (13.1)
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UNINCORPORATED WEST CHICAGO AREA, CFF-SITE THORIUM REMOVAL

12;roductggg

Thorium-containing paterials have been identified at various
locations in unincorporated areas near the City of West Chicago.
The thorius bearing deposits are spall in ares and do not pose a
health threat, but are both a source of adverse publicity and

concern to the residents.

In recognition of this situation, Kerr-McGee Chemical Corporation is
undertaking a voluntary progras to remove certain thorium containing
soil deposits fros these unincorporated areas. Kerr-McGee is doing
this in the spirit of cooperation and public interest, as Kert-McGee
does not have any legal responsibility to do so. The progras

elements are described below.

UNINCORPORATED RESIDENTIAL NEIGHBORHOOD THORIUM REMOVAL PROGRAM

The unincorporated ares residential neighborhood progras involves
jdentifying the material to be removed, excavating and removing the
paterial, restoring disturbed areas, and returning excavated
paterisls to IKMCC's licensed West Chicago facility. The removal
programs will exclude soils adjacent to and vithin waterways and
below the existing water table. Excavated materials returned to the
facility will be managed with similar paterials previously removed

from City of West Chicago properties.

A. Identifying Thorjum-bearing Locations

1. Authorization: Ooral permission to survey a property will be
obtained by Kerr-McGee. The survey will be conducted by a
trained Ierr-McGee survey teas equipped with appropriate gamma
field survey jnstruments.
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Criterion: Any aread on a property determined to have an
external gapmd radiation level that exceeds 35 micro-R per
hour at one meter above the surface will be marked for removal
subject to permission of the property owner.

Marking Areas: Areas identified as exceeding the removal
criterion will be noted on sketches or maps of the property.

Removing Identified Materials

Excavating Thoriun-Containing‘Material: Kerr-McGee will, in a
careful and expeditious manner, repove identified materials
using hand equipment and/or small machinery as appropriate to
pinimize property disturbances.

Excavation on 2 property will be started only after (i)
Kerr-McGee has obtained the property owner's written
permission on the form shown in Appendix 1, (i1) the existing
physical conditions have been documented with photographs, and
(ii1) the homeownwer has applied for and Treceived the
appropriate county excavation/fill persmit authorizations.

Excavated Material: Kerr-McGee will place the excavated
paterial in appropriate containers, such as drums, metal boxes
or trucks and cover the tops. Kerr-McGee will promptly
transport the saterial to an unincorporated parcel of the
Kerr-McGee West Chicago facility for management in accordance

with USNRC license conditions.

Resurveying Excavated Areas: Kerr-McGee will resurvey the
ares excavated using gamma survey instrumentation to assure
that the material has been removed to the extent practicable.
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2.

Exceptions: 1f an ares marked for removal includes -
structure, Kerr-McGee and the property owner will consult and
agree on 8 course of action in consideration of the physical
conditions and potential for exposure to the materials.

Restoring Excavated Areas

Refilling Excavated Areas: After areas have been excavated,
Kerr-McGee will, without unnecessary delay, refill with clean
soil the areas from which the thorium-containing material has
been removed and re-establish previous contours. Appropriate
equipment will be used so 3$ to keep disturbances to a
pinioums. Any plants, shrubs or structures that were removed
to allow excavation will be returned (or replaced as
appropriate) to locations documented in the photos (large
older plants and shrubs may have to be replaced with small

younger plants and shrubs).

Resurveying After Restoration: Kerr-McGee will resurvey the
restored areas to document the external gamma levels.

Managing Excavated Material

Hauling to the Facility: Kerr-McGee will haul excavated
materials to the facility site. The vehicles will be unloaded
in an unincorporated area inside the 1licensed facility site

boundary.

Handling at the Facility: Kerr-McGee may relocate the
materials brought to the facility site within the
unincorporated area. Containers to be reused will be emptied
and returned to the facility site perimeter.



stockpiling at the Facility: Excavated saterial relocated by
Kerr-McGee to the facility site will be stockpiled separately
from other paterials on the site. Documentation will be
psintained showing origin of the -excavated material,
quantities received, date of receipt, and level of radiastion.

Future Responsibility: After material excavated under the
unincorporated residential neighborhood  thorium removal
program has been unloaded at the facility site, the property
owner fros whose property the material originated will not
have any further responsibility for the care and management of

that material.

Personnel Requirements and Equipment

Survey Team: The survey team will consist of trained
personnel provided by Kerr-McGee. The team will be equipped
with a gamma survey instrusent, large scale maps or sketches,
and other iteams as required or appropriate for identifying
locations with thorium-containing paterials greater than 38
picro-R per hour at one meter.

Excavation Tean: Kerr-McGee will provide an
appropriately-lanned excavation team 23S dictated by conditions
involved for 8 specific location. The teas will include a
trained radiation surveyor to guide the removal of the
material and its placement in containers and to assure
adherence to radiation safety practices. Excavation equipment
will consist of shovels, picks and other hand tools and where
feasible, small mechanical diggers/loaders.

Hauling: The excavated material will be hauled by truck to
the Kerr-McGee West Chicago facility.



Facility Handling Teanm: Trained Kerr-McGee site personnel
will handle the paterial delivered to the facility.

Restoration Team: An appropriately panned restoration teas
and necessary restoration equipment will be provided by

Xerr-McGee.

TIMETABLE AND MANNING

The unincorporated neighborhood thorius-containing material
repoval program is effective the date of this document.
Removal work at specific properties will begin at a time
agreed to by Kerr-McGee and the property owner following
receipt of the property owner's oral authorization to survey
and the jdentification of any materials requiring reaoval.

Project management will be under the direction of Kerr-McGee
Chemical Corporation's Nest Chicago facility management and
will include 2 health physicist. The project management
personnel will have the authority to exercise judgment and
make decisions to expedite the work.
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Appendix 1

MATERIAL REMOVAL AND RESTORATION AGREEMENT

[ am the owner of real property located at

] grant Kerr-McGee Chemical Corporation permission to enter the
property named above and remove paterial and restore the areas froe
which the paterial has been removed, generally as described below.

REMOVAL:

e

e——————

RESTORATION:__?roperty will be restored to original condition, as
per photographs taken of the area, includigg_gard. plantiﬂ[g_;nd/or
structures involved in the excavation process. Resident agrees to
;;ter all restored areas as$ necessary. Resident agrees that _some
;I;nts, shrubs ofr trees N3y be replaced with like species youngert
:;d smaller in sjze consistent with nursery husbandry practices.

By:

Address:

Late:
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